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Introduction and Literature Survey 
In reactions in which the rate-determining step involves breaking 
of a carbon-hydrogen bond, substitution of deuterium for hydrogen 
causes a significant decrease in rate (22,71,69). This process is 
defined as a primary isot.ope effect. a In some reactions in which 
the carbon-hydrogen bond remains intact in the rate-deternrl,ning step, 
substitution of deuterium for hydrogen causes a small but significant 
reduction in the rate of the reaction (Table 1). In some cases, 
the decrease amounts to as much as a factor of two. This process 
is called a secondary isotope effect. Numerous examples (Table 1) 
are known in which the substitution of cx- and p- hydrogens by 
deuterium in alkyl halides and sulfonates causes a significant decrease 
or increase (a f~ examples) in the rates of solvolysis. Leffek 
et al. (26) have recently reported that substitution of ~hydrogens 
by deuterium causes an increase in solvolysis rates. 
The work to be discussed and presented in Part I of this disser-
tation involves secondary deuterium isotope effects. These effects 
were first observed by Lewis (30) who studied the isotope effects 
on the ionization of allcy-1 chlorosulfi tea and by Shiner (50) who 
investigated the substitution and elimination rates of some deuterio-
isopropyl bromides. 
Theoretical Basis for the Isotope Effect 
. Primary Isotope Effectb 
The cause of isotope effects is well understood on the basis 
of statistical thermodynamics and absolute rate theor.y (45,2,43,58,3)c. 
Three factors contribute to the generally lower reactivity of 
bonds to deuterium as compared to the corresponding bonds to hydrogen. 
These are the difference in free energy, the effect of the difference 
in mass on the velocity of passage over the potential~energr barrier, 
.. 
and the possibility for non-classical penetration of the energy 
a. 
b. 
c. 
Wiberg (69) presents an excellent review with numerous· references. 
Abst~acted from Wiberg (69a). 
Bigeleisen and Wolfsberg (3) give an excellent theoretical pre-
sentation and many references-
2 
Table 1 
Secondary Deuterium Isotope Ef~ects on Solvolysis 
Parent Deuterated Reaction kJk], Ref. 
Compound Compound Conditions 
Isopropyl 
(cD3)2CHBr 
0 bromide c2~0Na,02H5o:a:,25 1.13 50 
tert.-.Amyl-
(OD3)20C1CD2CR3 Bo% C 2:a:5o:a:, 25° chloride 2.36 52 (o:a:3 ) 2cclOD2C~ · 8o% c2:a:5o:a:, 25° 1.41 52 (CD3)200lOH2c:a:3 Bo% c2:a:5oH,25° 1.78 52 
Dimethyl= 
isopropyl-
ca.rbinyl (c:a:3)2CDCOl(CH3)2 So% c2:a:5o:a:,25° chloride 1.28 51 
2-bromo-
98° pentane c2n5oD2CHBrCD3 HCOOH, 1.39 27 
2-Pentyl OTsf c2:a:5o:n2CHOTsOD3 HCOOH, 98° 1.56a 27 
c2x5cD2CHOTsCD3 HOOCH, 58° 
1.64a 27 
c2:a:5oD2CHOTsCD3 c:a:3ooo:a:, 58° 1.64 27 
c2~oD20HOTsOD3 Bo% c2:a:5o:a:, 58° 1.40 27 
1-(,E_-Tolyl)-
ethyl b c 50° chloride .E_-C:a:3c6:a:4cHOlCD3 :a:3oooH, 1.28 28 c 50° 1.10 28 .E_-OD3o6B4CH01CH3 CH3COOH, 
Cyclo- '! o-~T· pentyl OTs ~£ o:a:3coo:a:, 50° 2.06 61 
cis-
ClOTs 
D c:a:3coo:a:, 50° 1.22 61,63 
·trans-
Q,OTs 
-D o:a:3cooH, 50° 1-17 61,63 
CJSTs CR3ooo:a:, 50° 1.16 62,63 
3 
Table l (Continued) 
Secondar.y Deuterium Isotope Effects on Solvolysis 
Parent Deutera.ted Reaction knfltn Ref. . Compound Compound Conditions 
2,4,4,Tri-
methyl-
2-chloro-
pentane (CH3)3coD2CCl(CH3)2 8o% C 2H50H, 25° 1.08 53 
1-,!!-Tolyl-
ethyl 
chloride ,!!-CD3c6H4CHC1CH3 1o% (cH3)2co, 49° 1.oo 29,32 
1-~-Tolyl-
ethyl 
8Cf'/o (CH3)2oo, 34° chloride R_-OD3c6H4CH01CH3 1.01 32 
R_-Alk;yl-
9Cf'/o C2H50H, 0° benzhydryl ~-CD3C6H4CHC1C6H5 1.025 54 chloride 8Q?b (cH3)2co, 0° 1.058 54 1o% (cH3)2co, o0 1.038 . 54 
66.7% (c:a:3)2co, o
0 1.021 54 
.E_-OH CD.- 9ocfo C2H5o:a:, 0° 1.009 54 3 2 
8Q?b (cH3)2co, 0° 1.025 54 1o% (cH3)2co, o
0 1.019 54 
66.7% (c:a:3)2co, o
0 1.012 54 
R_-(CH ) CHCD - 9o% c2H5ox; 0° 0.998 54 3 2 2 
8o% (CB)) 2co, o
0 1.006 54 
,E_-(CH3)2CD- 8o% (cH3)2co, 0°: 1.020 54 
2-Phenyl-
ethyl 
toluene-R_-
HOOCH, 75° 46 sulfonate c6:a:5cx2cD20Ts 1.17 
c6x5cD2CH20Ts HCOOH, 75° 1.00 46 
c6x5cH2CD20Ts cx3coo:H, 93.90° 1.02 47 
c6x5c:o2CH20Ts CH3COOH, 93.90° 1.07 47 
c6x5cx2cD20Ts c:a:3coo:H, 93·95° 1.04 47 
. c6H5c:o2cH20Ts cx3coo:H, 93.95° 1.01 47 
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Table l (Continued) 
Secondar,r Deuterium Isotope Effects on Solvolysis 
Parent Deuterated Reaction k.J~ Ref. Compound Compound Conditions 
.E_-Tolyl-
toluene-
,E.-Sulfonate (,E.-CD3C6H4)2so3 H2o, 70.05° 0.96 39 
Methyl 
89.79° chloride CD3Cl H2o, 0.92 39 
Methyl 
79·94° bromide CD3Br H2o, 0.90 39,40 
Methyl 
70.05° iodide CD3I H2o, o.87 39,40 
Methyl 
100.01° nitrate CD3No3 H2o, 0.92 39 
Methyl-
methane-
sulfonate (cm3)2so3 H2o, 60.07° 0.96 39 
Dimeth;rl 
(c:o3)2so4 H2o, ·24.64° sulfate 0.97 39 
n-:Propyl 
79·99° bromide cn3cH2cH2Br H2o, 0.9~ 26 
n-Propyl 
90.00° iodide cn3cH2cH2I H2o, 0.926 26 
n-Propyl 
methane-
60.00° sulfonate CB)S03CH2CR2CD3 H2o, 0.943 26 
n-P.ropyl 
benzene-
sulfonate c6H5so3(cH2)2cn3 H2o, 54·13° 0.9~ 26 
Methyl 
,E.-toluene-
70.05° 0.96 sulfonate CH3o6H4so3cn3 H2o, 40 
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Table 1 (Continued) 
Deuterium Isotope Effects on Solvolysis 
Parente Deuterated Reaction k/~ Re:f'. Compound Compound Conditions 
Diphenyl-
carbonium (c6~)~CD+ l.32d ion 95% H SO e 60 2 4 
4,4-Di-.:E. 
methoxy 
phenyl 
carbonium 
(,l!.-CRJDq6H4)2cD+ 6o,& H2so4e 1.18d ion 60 
11-chloro- H 11-methyl-
9,10-ethano-
9-lQ-dihydro-
6o% aq. c2~oH, anthracene 1.14 55 
45° 
6o,&aq. C2H5ox, 0.986 55 
45° 
2-Pentyl q D 
ehloro- g-s-Cl 
sulfite CD3 CD2CH2CH3 Dioxane, 61.5° 1.38 30,7 0 Dioxane, 77·5 1.58 30,21 
Isooetane, 3.34 1 
0 
a. Extrapolated from lower temperatures. 
b. Contained Bo% o:f' three deuterium atoms per mole. 
c. Contained 67% of three deuterium atoms per mole. 
d. ~KD' equilibrium constants. 
e. Temperature was not reported. 
f. OTs = tosylate (oso2c6x4cH3-l!.) 
barrier (2,15a). The ~ajor factor which contributes to the free-
energy difference is the difference in zero-point energy between 
a bond to deuterium and the corresponding bond to hydrogen. 
The potential-energy curves (Morse curve, figure 1) for a 
bond to hydrogen a.nd the corresponding bond to deuterium are 
essentially identical. This- can be seen:~from the fact that the 
ratio of the infrared stretching frequencies for the two bonds is 
almost exactly proportional to the ratio of the square roots of the 
· masses of deuterium and hydrogen, or 1.4. The shape of the bottom 
of the ~otential-energy curve governs the force constant for the 
stretching vibration, and this is related to the frequenqy b,y the 
HOoke's law expression (equation 1) where k is the force constant 
and u- is the reduced mass, which is ap:proximately equal to 1 and 2 
for most hydrogen- and deuterium- containing bonds, respectively. 
6 
(1)--
The lowest energy level for any bond corresponds to 1/2 h J), 
where h is Planck's constant. This lowest energy level is known as 
the zero-point energy, -end corresponds to the vibrational energy of 
the bonds of a molecule at absolute zero. Room temperature is close 
enough to absolute zero so that most (~99%) of the bonds are in this 
vibrational energy level. There is a difference in zero-point energy 
for a bond to hydrogen and the corresponding bond to deuterium which 
arises from the effect of the difference in mass on the stretching 
frequencies. This difference in energy m~ be calculated if one 
knows the values of the corresponding frequencies, and is of the order 
of 1.2 - 1.5 kcal. per mole. 
The difference in zero-point energy has two consequences. 
The dissociation energy of a com.po.und is the difference between ~ 
in figure l and the zero-point energy. Since the deuterium compound 
Will have the lower zero-point energy, it will be more stable than 
the hydrogen analog. Similarly, in a rat~ process, if one considers 
the curve relating the potential energy ef the system with the dis-
tance along the reaction coordinate (figure 2), and if one assumes 
E 
re 
EJf. 
0 
Interatomic distance 
Figural 
Morse curves relating potential energy 
and interatomic distance 
6a 
activated complex 
E i 
products 
reactants 
reaction coordinate 
Figure2 
Potential-energy Profile 
. * AE represents• a.ati vat ion energy. E0 represents the 
zero-point energy. 
6b 
the bond undergoing reaction to be relatively weak in the activated 
complex in comparison to the reactants, the effect of zero-point 
7 
energy on the rate becomes apparent. The weak bond in the activated 
complex reflects a low force constant, and since the difference in 
zero-point energy decreases with decreasing force constant, the dif-
ference in zero-point energy for this bond in the activated complex will 
usually be small. Thus, the difference in zero-point energy in the 
reactants will result in a difference in the height of the potential-
energy barrier for reaction, and will result in a higher enthalpy of 
activation for the deuterium- containing compound. It is of course 
assumed that the bonds in the molecule which do not participate in t~e 
reaction are not affected during the process, and this appears to be 
a good approximation in most cases. 
In the absolute rate theory, the rate of reaction is a function 
of the concentration of the activated complex and its rate of passage 
over the potential-energy barrier, leading to equation 2 (15a), 
k = IC ( kT * )1/2 l/6 21(m (2) 
* where k is the rate constant, IC is the transmission coefficent, m is 
the mass of the activated complex for motion along ·the reaction co-
ordinate, 6 is the length of the region characterizing the activated 
* complex, 0 is the concentration of the activated complex, and OA and 
CB are the concentrations of the reactants. 
Since the potential-energy surface will be essentially the same 
:for a llydrogen compound and its deuterium analog, 6 is about the same 
for both compounds.a Thus the ratio of the rate constants will be 
given qy equation 3, 
a. This is essentially a qualitative description of the method 
of Bigeleisen (2). 
(3) 
• 
8 
The concentration terms m~ be replaced by free-energy terms and the 
transmission coefficients may be assumed to be the same, giving 
equation 4• 
~/k2 = ! (m:;~*)l/2 
. t* 
The function f is given qy 
3n-6 
IT i u. + Au. l. l. 
au./2 -(u. +Au.} 
e l. (1 - e l. l. ) 
(4) 
(5) 
where the s• s are the symmetry numbers, o~ the number of indistinguish-
able positions the molecule might take, ui. = hJI/kT, and 
Au1 = *h V /kT ( Vi (l) - ~i ( 2 )). A similar expression may be written 
for f • The various approximations given b.1 Bigeleisen and ~er (2a) 
* can be used to evaluate i' and f • At high temperatures the first and 
Aui/2 
third terms in the product cancel, leading to e in which Aui/2 
is the difference in zero-point energies divided qy kT. Since this 
term approaches unity as the temperature is increased, f also becomes 
equal to 1 under these conditions. At low temperatures the third 
term becomes negligible. 
In order to simplify the calculation, it is usually assumed that 
the non-reacting bonds in the molecule are not a.f'feeted during reaction, 
and thus it is only necessary to consider the stretching frequency of 
the bond undergoing reactions. Since a detailed knowledge of the 
potential-energy surface at the energy barrier is usually not available, 
it is usually possible to determine only the maximum isotope effect 
which corresponds to no bonding to the hydrogen or deuterium in the 
activated complex. 
mS\1 be written as 
* In this case, f becomes equal to 1 and equation 4 
-hll.JnT 
J} 1 v· (hVH- hVD)/2 RT 1 - e 
• h lY h H • e • . 41 lJ:ofRT 
l - e 
where hVis expressed in calories per mole (2.86 times the value in 
em. -l). 
(6) 
The last term of equation 6 ~s equal to 1 up to about 400 - 500°0. 
The ratio of vibrational frequencies for the bond to deuterium and the 
bond to hydrogen is approximately equal to 1/ "'Vi in most oases and 
thus cancels the mass factor, which is approximately equal to1/2. 
The equation is then simplified, giving equation 7• 
(7) 
At higher temperatures all of the.terms in equation 6 except the mass 
factor will cancel, and the isotope effect will approaoh1/2 or 1.4. 
This has been verified experimentally (43b). 
Whereas classical statistical mechanics m~ be used in this 
treatment for most elements at room temperature or above, hydrogen 
should properly be treated b,r quantum statistics to allow for its wave 
nature. As one of the consequences, with hydrogen there is a possi-
bility for penetration of the potential-energy barrier, or "tunnel-
ing". This effect would be predicted to be less probable for deu-
terium than hydrogen, and would lead to a further difference in the 
ratio of rates. The tunneling ef~ect has been look.ed for in m~ re-
actions without success. However, Eell ~(la,lb) has found a case in 
which this effect appears to be important - the catalyzed bromination 
a 
of 2-oarbethoxyoyolopentanone. 
In many oases, the observed isotope effect is less than that cal-
culated using the preceding assumptions. This indicates that these 
reactions should be considered as three-center processes in which the 
new bond is formed as the old bond is broken. In this case, there will 
be a difference in zero-point energy in the activated complex which 
will in part cancel the difference in zero-point energy in the re-
actants. If the bonding in the activated complex is as strong as that 
* in the reactaP.ts, f and f in equation 4 will be essentially equal, 
and only the mass factor will remain. Therefore, the minimum isotope 
effect expected under these conditions would be 1.4. 
The above equations show that the magnitude of the isotope effect 
is temperature dependent. Table 2 gives the maximum expected isotope 
a. Catalyst - H29 and n2 o, respectively. 
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Table 2 
Maximum Value of the Primary Deuterium Isotope Effect 
for One Stretching Vibration as a Function of Temperature 
:Bond aE T kJ~ 0 
cal. oc 
C-H -"""' 1150 0 8.3 
(1100-1200) 25 6.9 
100 4·7 
200 3.4 
300 2.7 
500 2.1 
N-H ---1270 0 10.3 
25 8.5 
100 5·5 
200 3.9 
300 3.0 
500 2.2 
0-H "'1400 0 12.6 
25 10.6 
100 6.6 
200 4-4 
300 3.4 
500 2.5 
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&ffeet for different types ot bonds as a function of temperature. The 
values were calculated assumming tunnelin' to be relatively unim»er-
tant. 
is 
~ 
-x 
k2 
a Secondary ~euterium Isotope Effect 
Bigeleisen•s complete expression (2,3) for the isotppe effect 
* * 3n* - 1 * * * s2 sl VL(l) 1J (Ui(l) e-l/2ui(l) 1 - e-11i(2)] x rxS* = X -l/2u*( ) X )1£(2) .urc2) 1 -u*( ) l 2 e i 2 - e i 1 
3n - 6 [ui,2) e-1/ 2 ui(2) l - e-ui(l) X TJ X (8) _ui(l) e-1/ 2 ui(1) x l - e-ui(2) 
In the transition state one mode of vibrational motion has an imagi-
nar,r frequency corresponding to the motion along the decomposition co-
ordinate. This frequency is calledlJi. Th: :r:cio~, }l~(l)/1)~(2 )' is 
temperature independent, and is equal to (mi'm1 ) / • If all real 
:frequencies except the one being approximately assigned to the cleav-
ing .bond ( Jlk) are assumed to be cancelled, equationiB simplifies to 
equation 6.b 
If the substitution Au1 is intrO.duced in equatiQn 8 and the 
natural logarithm of each side is taken, this equation simplifies to 
t . 9·0 equa J.on 
)JT_t .. ' 3n - 6 3n* - 1 * * ( ~ ) [1 + I G(ui)Au. - L G(ui)Au.] (9) 
ll£(2) - i J.. i J. 
a. Abstracted in part from Melander (43a). 
b. The symm.etl.'y numbers are fairly trivial and will cause no isotope 
effect. For instance, if the reaction velocity ttper position" in 
a molecule is considered, the correction :for differences in 
symmetry between isotopic species will generally be taken into 
account automatically. 
c. For carbon and heavier elements, Au1 is small compared to u and, 
a.t low temperatures, compared to unJ.ty. 
-· ·-------- ----------·---- -·--·----··· --------~------------
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The function G(u) is equal to 1/2- 1/u + .l/(eu- l) and has been 
tabulated as a flln.ction of u in a form convenient for rapid calcu-
lation (2a). The quantities u., Au., and Shave been defined in the 
l. J. 
preceding section. 
From equation 8 or 9, ttit is obvious that nothing directly 
requires the isotopic atom to be located at a reacting bond in order 
for it to cause an isotope effect. It is only b,y virtue of its in-
fluence on the molecular masses, moments of inertia, and/or vibration-
al frequencies that the iso~opic mass of an atom might influence the 
reaction rate. In practical applications of the equations, however, 
it becomes clear·that most of this influence is cancelled unless 
the isotopic atom is involved -in the reaction. This is easil;y seen 
if the crude model with valence-bond oscillators is considered. The 
frequencies are changed upon isotopic substitution only for those 
bond oscillators which have the isotopic atom at one end. These 
changes will generally be cancelled between the reactant and the 
transition state if the frequencies are not too different in these 
two entities. What generally is not cancelled, on the other hand, is 
the stretching frequency of a bond going to be ruptured. This move-
ment, which is no longer periodic in most transition states, is ex-
cluded from the partition function of the latter, and the correspond-
ing periodic motion in the reactant is left uncancelled. In order 
for an isotopic atom to cause a primary isotope effect, it is obvious-
ly necessary that it be directly connected with the reacting bond. 
On the other hand, if the vibrational patterns of the reactant and the 
transition state do not match perfectly in some other part of the 
molecule (this, of course, will alw~s be found if the claim for ac-
ourac~ is made rigorous enough), isotopic atoms in those favorable 
parts get a chance to cause a secondary isotope effect. In the first 
place the isotopes of hydrogen could be expected to give such effects 
of measurable magnitude owing to their large relative mass dif-
ference" (43a, p.88). 
From the definition (page 1) of secondary isotope effects, 
:Bigeliesen and Wolfsberg (3a) state that J) ~El)/ Jl~( 2) = 1 should be 
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valid to a high degree of approximation. Then one only calculates 
* f/f in order to compute secondar.y isotope effects. These authors 
(3a) report expected magnitudes (probably upper limits) of secondar,r 
isotope effects which are calculated on the basis of the following 
assumptions: (1) they consider only the stretching frequencies of the 
bond, (2) the isotopic shifts in these frequencies are calculated 
through the ma~s relationship of the frequency of a diatomic mole~ 
cule, (3) for regular isotope effects it is assumed that the stretoh-
ing force constants decrease b.y a factor of two in the activated 
complex while for inverse isotope effects the force constant is 
taken to increase by a factor of two. The results are presented in 
Table 3. They state that under these assumptionssecondary isotope 
effects mq be quite large and that if a compound is labeled in 
more than one position for a secondary isotope effect, the effect 
will be expected to be proportionallya larger (e.g. C-R3 versus 
C-D3). 
Magnitudes of Secondary Isotope Effects (25°0) 
Isotopic Regular Inverse 
Substitution :Bond isotope effect isotope effect 
kJk:e Yk:D 
D,R 0-R 1.74 0.46 
T,R C-R 2.20 0.33 
D,R ¢-R 2.02 0.37 
T,R o-R 2.74 0.24 
013,012 a-a 1.012 0.983 
014 012 
' 
c-c 1.023 0.968 
The secondary isotope effect presented in Table 1 for the solvoly-
ses of halides and sulfonates are in agreement with the theoretical 
calculations of Table 3. 
a. The authors do not state that the proportionality is linear. 
b. Results of :Sigeleisen and Wolfs berg (3a). 
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Melander (43a) states that the zero-point energy factor in 
equation 9 is probably more decisive, for the same reasons as in 
primary isotope effects, in the determination of secondary hydro-
gen isotope effects. However, the three vibrational maies of each 
isotopic carbon-hydrogen oscillator shouli be included, and it 
should be remembered that none of these vibrational degrees of free-
dom vanishes in the transition.state. Due to the small mass of 
hydrogen, all three frequencies are approximately · 
where m denotes the mass of hydrogen. Since the carbon mass is not 
ver,r large compared to that of hydrogen, Streitwieser et al. (63) 
propose to use an empirical ratio, somewhat closer to unity than 
(m.jm1 )1/2 ~ Thus, they write JIJ JIH = l/1.35 instead of the 
usual 1/-v;. The zero.-point energy factor now becomes after in-
sertie» of the ~versal constants (Planck constant,h, Boltzmann 
constant,k and the velocity of light c) 
ky/~ = exp(O.l87/T ~ ( l/1-(H) - v:(H) )] (10) 
where the sum is to be taken over all vibrations of isotopic carbon-
hydrogen oscillators (the same number in the reactant and the transi-
tion state), and Vdenotes the wave number. If the proper moiel is 
chosen for investigation; one m~ assign reasonably good values to the 
C-H frequencies in the ground state molecule. The problem arises in 
assigning frequencies to the three fundamental vibrations in the tran-
sition state. Thus, one is led to assume what the transition state 
might resemble. 
Various Viewpoints of Interpr~~ation 
a-Deuterium Ef~eq$ 
Streitwieser (63) attributes th$ second~ a-deuterium 
isotope effect mainly to the large chan~e in the out-of-plane ear-
bon hydrogen bending frequency. Cyclopentyl tosylate, which has 
sp3-tetrahedral hybridization and a carbon-hydrogen out-of~lane 
bending frequency of about 1340 cm.-1, is con~erted to the planar 
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carbonium ion (sp2 hybridization). These authors assigned a value 
of about 800 em. -l to the carbon-1-hydrogen bending frequency of the 
carbonium ion, like that for an sp2 hybridized carbon-hydrogen bond 
of an aldehyde which m~ be expected to have at least some positive 
charge; 2800 cm.-1 (stretching) and 1350 cm.-1 (in-plane bending). 
The 0-H frequencies in the ground state molecule are assigned 
2890 cm.-1 for 0-H stretching and 1340 om.-l for the two approxi-
mately degenerate bending vibrations. The decrease in the stretch-
ing frequency of 100 cm.-1 which is substituted in equation 10 gives 
~ lk- = 1.06. One bending vibration (in-plane) is essentially un-~-n ' -1 
changed and the reduction in the second of 550 em. which is sub-
stituted in equation 10 gives kEf~ = 1.38. The value reported in 
Table l for cyclopentyl-1-d tosylate is 1.16. 
Seltzer (48) reports an inverse isotope effect for cis•trans 
isomerization of maleic acid to fumaric acid, catalyzed ~ aqueous 
potassium thiocyanate. His results are consistent with Streit-
wieser's analysis of a-deuterium effects, however. The following 
mechanism for isomerization was postulated ~ Nozaki ~d Ogg {43c) 
H""- , /ll 
+ H o+ fast, ~ R "/~ =· ~"-o ~o .. nO')/ o = <cto + 1120 . 3 '<( 
•/ l 4 ':'-ox :ao 'ox 
n0: B<.. . /H 
+ x-
1i . .fl X 5-
~ /0 = c, 4-0 slow't [ nff., ~---~-- 0 ] (ll) "'eV .... ~ 0 0 
RO/ 
0
'-o:s: 130/ '-ox 
0 
o+ 1:{__ . R X 6- H20 ~ ~ }'<JH H o+ 0~ . = g'H + C HO-... -"O -:--if- -o J 3 ~ -"/ ' /.: 
" 
_.....c ~ 
..... c1 x BO OR :ao + 
Rorex (21~) has shown that isomerization o£ maleic acid to fuma-
ric acid catalyzed ~ deuterium chloride le~s no deuterium incorpo-
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rated on carbon 2 or 3 of fumaric acid. Seltzer (48) verified this 
b.1 allowing maleic acid-2;3-d (0.889 ± .006 atom %n) to isomerize 
to fumaric-213-d (0.903 ± 0.012 atom f~) to about 98.5% reaction in 
the presence of aqueous potassium thiocyanate. Thus, Seltzer (48) 
reports that, in kinetic competition experiments, maleic acid with 
maleic acid-2:3-d2 exhibited an inverse isotope effect, kHfkn = 
6.885 + .012 at 80°0. Seltzer applies Streitwieser's analysis of 
«-deut;rium effect in reverse, i.e., carbon 2 or 3, having sp2-
hybridization in the initial state (0-H out-of-plane bending fre-
quency· (lc) is approximately 700 cm.-1 ) is partially converted to an 
sp3-tetrahedral oarbon in the transition state. 
It is interesting to note that a corresponding SN2 reaction has 
been found to give no «-deuterium isotope effect. Shiner (50) re-
ports that 2-bromo-propane-2-d reacted With sodium ethoxide at the 
same rate (k:afkJ> = 1) as did the protium compound. In this case the 
transition state (Fig. 3) contains the ethoxide ion and bromide half• 
bound on each side (20a). 
OH3 OR 
'\I 3 
EtO-- 0 -Br 
\.l..J 
R 
Figure 3 
"Out-of-plane" 0-H bending motion in tr-Q.Jlsi tion states 
Their pre&ence is likely to decrease the out-of-plane vi brationa.l 
motion to that of the tetrahedral 0-H bending. Thus, no isotope 
effect would be expeoted. These views presented b.y :Streitwieser 
et al. (63) have received support from Johnson and Lewis (23a), who 
have compiled results of their own and. others (63,50) and have shown 
that increasing necessity for nucleophilic attack from the rear in a 
reaction is accompanied b,y a weakening of the «-deuterium effect. 
~-Deuterium Effect 
Secondary isotope effects have been interpreted in terms of 
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purely hyperconjugative stabilization of the intermediate and in 
terms of solvation of the inoipient carbonium-ion intermediates at the 
~-hydrogen (or deuterium) atoms (7,27,28,50,52). Shiner (50,52) 
found that the effectiveness of a single substitution of deuterium 
for hydrogen in decreasing the solvolysis rate of tertiary halides 
depended on the nature of the hydrogen and increased along the 
series prima.r.y- < secondary < tertiary. The order of importance of 
hyperconjuga.tion resonance structures in the stabilization of car-
bonium ions, based on the stabilities of the corresponding olefine, 
j.s expected to be VI> VII> VIII. 
;.. :a+ :a+ R R . R ?=< 1\. < ;o := o-' /0 = R 'R R R 
n: VII VIII 
Shiner has also suggested that solvation of the hydrogens whtch bear 
a partial positive charge is important and the more readily a. hydrogen 
atom tends to be eliminated as a proton to generate olefin, the great-
er will be its effectiveness in stabilizing the developing carbonium 
ion. This idea has been criticized b,y LeWis and Boozer (27). Lewis 
and Coppinger (28) have demonstrated that deuterium substitution in 
the ~-methyl group of a-(~-tolyl)ethyl chloride causes a significant, 
even if rather small, reduction in the rate af acetolysis. In this 
case, elimination of the substituted hydrogens to form an olefin does 
not occur. 
Streitwieser, Jagow, and Suzuki (61,63) have stated that if such 
specific solvation were important it could well be subject to the 
same stereochemical influences as E2 elimination, i.e., ·the trans-
hydrogen should be more effectively involved; hence{ this hydrogen 
bond should be weakened more and substitution :bi deuterium~ should 
produce a greater isotope effect. These authors have shown the ab-
sence of stereospecificity in such hyperconjugation, for ~- and 
trans- cyolopentyl-2-d tosylate give essentially the same reduction 
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in rate of acetolysis compared with cyclopentyl tosylate (Table l). 
They point out that the small difference in isotope effect between 
the two compounds, which is in the wrong uirection for the solva-
tion argument, may be due to a slight conformational difference re-
sulting from ring puckering. "These results mB\f be taken to indi-
cate that although hydrogen no-bond structures (VI, VII, and VIII) 
mq be important in determining ca.rbonium,.;.ion stability, the hydrogen 
involved need not be specifically solvatedJ i.e., there need not be 
an analogy to elimination reactions." 
Ralevi (16) has discusse~ secondary hydrogen isotope effects and 
has suggested that there is an inductive contribution to such 
isotope effects. Halevi and Nussim (18) report that phenylacetic-
~,a-d2(c6H5-c~2oooH) is a weaker acid than phenylacetic acid (X]/KH = 
0.895 ± .010, X: is the dissociation constant), and that acetic-d3 
acid (cD3COOH) is lQ% less acidic than the undeuterated compound.a 
Similarly, they state that the benzyl-«,a-d2-ammonium ion (c6x5cD~) 
is 13% less acidic than the undeuterat~d compound (l8a). These 
authors suggest that electron release is more effective from a C-D 
bond. Ralevi (16) cites the following results of other workers to 
support his viewpoint: (a) the retardation of base-catalyzed enoli-
zation in ~-deuterated ketones, (15) becqmes reasonable in terms of 
the established mechanism (23), and certainly does not ~efute it as 
claimed; (b) the slight acceleration of the decomposition of methyl-
deuterated ~toluene-diazonium ion (3l)b, a reaction subject to both 
inductive and hyperconjugative influences, mq well result from a 
balance between two opposing isotope effects which may also apply to 
the failure to observe an appreciable secondary isotope effect in 
some aromatic substitutions (65). 
Lewis and Coppinger (29) report k](~ = 1.00 (Table 1) for the 
a~ These authors do not report the actual values for acetic acid and 
benzylammonium ion. 
b. This compound is discussed again under negative isotope effects, 
which mq be attributed to more stabilization in the transition 
state than in the ground state in substi tut.il;)8'. D for H. 
solvolysis (in 7o% acetone) of 1-~-tolylethyl chloride (~-cn3c6H4 
CHC1CH3), and state that resultsa with 1-~-tolylethyl chloride show 
the presence of an isotope effect. With the former compound, one 
would have expected an isotope effeet due to an inductive effect where-
as with the latter compound, the isotope effect could be explained 
b.1 both an inductive and hyperconjugative effect operating in the 
same or opposite direotione. Streitwieser et al. (46) report also the 
absence of an isotope effect in the formolysis of 2-phenylethyl-2, 
2-d2 toluene-~-sulfonate (Table 1). In a later paper, Lewis et al. 
(32) report the value kEf~ a 1.011 ! 0.003 for the solvolysis of 
1-~-tolylethyl chloride (~-cn3c6x4cHClCH3 ) in aqueous acetone and a 
value kBf~ ·= 0.988 ± 0.005 for 1-~-tolylethyl chloride (~-cn3c6H4 
CHClCH3) under the same reaction conditions. These results 
definitely establish that hyperconjugation operates from the para 
position and indicate that an inductive effect, with deuterium more 
b 
electron releasing than hydrogen, can not be excluded. 
Tiers (66) has also concluded from n.m.r spectra of n-C3F7H 
and n-C3F7D that deuterium is more electron releasing than hydrogen. 
Streitwieser et al. (63) has suggested that there is an inductive 
effect on the 0-H bond, so that the vibrations are "different in acetic 
a~d and im the acetate ion, thus giving an isotope effect on the ioni-
zation equilibrium. Evidence from infrared spectra (14) shows that 
the 0-H bonds in acetic acid and acetate ion are indeed different be-
cause hwPerconjugation acts more effectively in the acetate ion than 
in acetic acid. Other evidence, summarized b,y Halevi (19), shows that 
dipole moments and bond distances are altered b,y isotopic substitu-
tion. 
In a recent paper, Weston (68) states that if there are isotope 
a. No values were reported in this paper for the para compound. 
b. These conclusions are those of Lewis et al. (32). These two 
opposing effects are discussed later in the work described 
.'~·.·:·J: .... herein. 
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effects caused b,y a difference in electron-releasing ability of 
hydrogen isotopes, such effects might be expected in hydrogen isotope 
exchange equilibria in general. The examples chosen are 
ED + H20 = H2 + RDO 
HT + H20 = H2 + HTO 
(12) 
(13) 
where hydrogen is bonded to a more electro-negative atom. The results 
(equilibrium constants) obtained from the application of statistical 
thermodynamics to spectral data of the hydrogen molecules and water 
molecules "preclude any significant electronic effects 11 • Weston 
states that all the evidence presented in favor of an electronic iso-
tope effect is explicable on the basis of vibrational effects; accord-
ing to the Born-oppenheimer theory (8), interactions between electron-
ic and nuclear motion must be vanishingly small for molecules of the 
sort involved in organic reactions. Thus, "it is difficult to conceive 
of a kinetic experiment which could measure an electronic isotope 
effect separately from the usual vibrational effect" (68). 
Lewis and Boozer (27) suggest that ~-deuterium isotope effects 
observed in the solvolysis of secondary alkyl halides and tosylates 
are dependent in part ,on the requirements of the developing carbonium 
ion for internal electron supply at the transition state.a It thus 
seems reasonalble that the magnitude of the isotope effect in solvoly-
tic reactions will depend on the leaving group as well as on the sol-
vent. Since the tosyl group is a "better" leaving group than the 
bromide (Table 4 (64)), the reacting center has more positive charge 
to be distributed at the transition state; i.e., solvolysis of tosy-
lates involves greater electron withdrawal from neighboring bonds than 
the corresponding solvolysis of bromides. 
a. The equilibria reported in this work involve substituent effects 
where full carbonium character is unequivocally developed. 
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Table 4 
Relative Rates of Solvolysis for Different Leaving Groupsa 
Leaving Group CR3X 02¥ i-C3R.f 
X 8ofoC2RaOH C2H50H 8ofoC2R50H 
50 500 50° 
:Br 0.066 0.031 0.013 
oso2c6H4cx3-~ 0.067 0.63 0.60 
oso2c6H4R 1.00 1.00 1.00 
The deuterium isotope effect, consequently, is greater for tosylates 
than for bromides; e.g., the rate ratio, ~~' for the formolysis of 
2-pentyl-1,1,1,3,3-d5 tosylate (I} compared to 2-pentyl tosylate (III) 
is 1.56 at 98° and the ratio for the corresponding bromides (II) under 
the same conditions is 1.39 (Table 1). 
CH3ca2cn2CHOTsCD3 I 
cx3cH2CD20HBrCD3 II 
CH3CH2CR2CHOTsCD3 III 
Lewis and Boozer (27) seem to think that the greater the sol-
vent's nucleophilicity, the greater the demand for electrons can be 
fulfilled b.y orbital ~~erlap with a solvent molecule and less the 
necessity for weakening neighboring bonds. They report that the ratios, 
kEf~, for the solvolysis of 2-pentyl tosylate (III) in formic acid, 
acetic acid, and 8o% ethanol are 1.64, 1.64, and 1.40 at 58° (Table 1). 
From the conclusions of Winstein with respect to the participation of 
these solvents (70), one would have expected that the isotopic rate 
reduction to be somewhat greater for formolysis than for acetolysis. 
The difference could lie within experimental error or extrapolation 
from lower temperatures. On the other hand, the difference between 
the aqueous ethanol and carboxylic-acid solvents is probably signifi-
cant. 
Compared to the undeuterated compound; the decomposition of 2-pen-
tyl chlorosulfite extensively deuterated in the 1- and 3-positions is 
a. Taken from Streitwieser (64). 
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slower by a factor of about 1.4 in dioxane solution and about 3.3 in 
isooctane solution (Table l) (7). For the ionization of chlorosulfites, 
it is reasonable to s~ that isooctane is very much less nucleo-
philic than dioxane. 
Shiner has studied the solvolysis of ~-deuteroalkyl benzhydr,rl 
.. 
chlorides (Table l) (54) and the hydrolysis of o:-de~tero ketals (56). 
The magnitude of the isotope effect for the two cases is solvent de-
pendent and varies according to the nature of the substituents on the 
ex-carbon atom. For the former case, _the isotope rate effect of the 
.-e.-isobutyl-a-d2 compound is smaller than that for the .-e.-ethyl-a-. 
d2-compound and "suggests steric inhibition of hyperconjugationtt. 
These results must be considered carefully, for they are on the bord-
erline of the limits of experimental error. ·Lewis· and Boozer (27) 
state that the.o~ly effect of solvent may not be to contribute 
electrons to carbon; . thus,_ an alternative mode of action in addition 
to the pure dielectric effect would be to contribute electrons to the 
~-hydrogens by forming a hydrogen bond from the P -carbon to the 
solvent. 
Negative Isotope Effects 
Bigeleisen (2) has shown that when different isotopic atoms are 
chemically bound as molecules in the-reacting species, the light mole-
cule usually ~11 have a greater reaction rate than t4~ heavy molecule. 
( ) ( * 1 *)1/2 This follows equation 9 from the m~m1 factor, 
1 3n - 6 · 3n* - 7 
(m*/znit)1 2 x (l + L G(u. )Au1 - L G(u~)Au. *] (9) ~-J. i J. • J. J. 
. ~ J. 
which is alwa;rs unity or larger, and the fact that the ground state 
molecule is in general more tttightly bound", 
> 3n*-7 f G(ut)au; , 
than· the activated comple;x:. If the activated complex is mo.t"Ef' .:' 
"tightly bound", 
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3n*-7 3A-6 J r G(u¥)Aui* > L [G(u. )Au. + l](m*'m*l)1 2 ' i l. i -.l. l. 2! 
than the reacting species, the rate constant for the heavy molecule 
reaction Will be greater than that of the light molecule. 
A reaction with more hyperconjugative stabilization in the ini-
tial state than in the transition state is the decomposition of 
~-toluenediazonium ion in aqueous acid (31). Lewis et al. (31) 
report that the rate of decomposition of ~~trideuteriometbylben­
zenedia.zonium ion is about 1% faster than that of the undeuterated 
compound. Lewis • data might be within the limits of experimental 
error, but he does not give limits of error fork]{~· Thus, the 
isotope effect m~ be considered zero (Table 1), which might be a 
result of the opposing effects (bypereonjugation and induction) sug-
gested above b,y Halevi (16). 
Robertson et al. (26,40) recently reported inverse, sec.C)nda.ry 
deuterium isotope e;f'fects in· the solvolysis o:f n-propyl ll.al.;des 
and sulfonates (Table 1) which have been deuterated at the /(-posi-
tion. They suggest that the con~ormation (trans or gauche) of the 
reacting molecule brings the terminal methyl group into spatial 
conflict with the leaving group when the transition state is reached; 
therefore, such conformation leads to hindered vibrations of the 
-C~ ~oup and thus a.n isotope effect. 
The inverse isotope effect observed by Robertson et al. (40) in 
the solvolysis of methyl halidesa (Table 1) is explained in terms of 
the stiffening of the C-H vibrations in the transition state which 
produces a decrease in the zero-point difference for ~he deuterium 
compound compared to the protium compound. 
a. These are examples of a-deuterium isotope effects· which have been 
explained in a previous section and presented in this section as 
examples of negative isotope effects. 
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Secondary aydrogen Isotope Effect in a Gas-Phase Equilibrium 
Love, Taft, and Wartik (41) report a secondar.y deuterium isotope 
effect in a gas-phase equilibrium. The equilibrium studied is the 
acid-base reaction of the olass investigated so extensively b.1 Brown 
et al. (lOa) 
~erconjugation stabilization of ~(cH3 ) 3 is expected to be appreciably 
greater than that for the addition compound, (cH3 )3~:N(CE))3 , since the 
open orbital on boron in the former compound is involved in bond forma-
tion with nitrogen in the latter. Thus, substitution of the hydrogen 
atoms of ~(CH3 ) 3 b.1 deuterium, which is expected to reduce hypercon-jugation preferentially in the reactant molecule, should shift the 
equilibrium of equation 14 towards the addition compound. The equi-
librium constant (designated KD/XX) for the following reaction is 
1.25 ± 0.03 as expected. 
~(cn3 ) 3 (g) + (CH3) 3~:N(CH3 )3 (g) <::: '>. ~(CH3 ) 3 (g) + (cn3 ) 3~:N(CH3 ) 3 (g) 
(15) 
The Role of Nonbonded Repulsions in Secondary Isotope Effects 
~arteli (1) has recently suggested that secondar,y isotope effects 
can be interpreted in terms of nonbonded repulsions. "In view of 
recent calculations which indicate that structural and thermochemical 
effects in ground states of molecules previously ascribed to hypercon-
jugation can be correlated semiquantitatively in terms of nonbonded 
repulsions, the nonbonded model is now extended to the treatment of 
isotope effects. Its basis is that repulsions involving deuterium 
atoms, when averaged over stretching and bending vibrations, are small-
er than those for hydrogen which has a characteristically greater 
amplitude of vibration. No bond weaking is involved. It is found 
for several typical reactions that the isotopic differences in relief 
experienced qy molecules going from crowded tetrahedral configurations 
to trigonal transition states or products, as calculated according to 
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the nonbonded model, are the same as the observed differences to 
within the broad limits of accuracy of available potential functions. 
The model also helps to unify isotope effects qy bridging the gap 
between the beta effect and the alpha effect which has heretofore 
been considered to be entirely distinct in origin" (l). 
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Statement of the Problem 
The work described in this dissertation was, accordingly, under-
taken to investigate the isotope effect on an equilibrium which is 
closely related to the assumed equilibria between reactants and transi-
tion states in solvolytic reactions and aromatic substitution discussed 
in the introduction. Earlier studies of the ion-forming equilibria of 
trityl chloride and many of its ~-, ~-, and E-substituted derivatives 
together With data on the dissociation equilibria of many ionophores 
have provided a convenient means of evaluating substituent effects on 
so~ 
the ionization equilibrium: Ar3CC1 < 
2
' Ar3CTCl- (34-36). The 
similarity of substituent effects in this system to those observed in 
reactions like the solvolyses (Table l) and electrophilic substitution 
reactions cited (65) above has been elegantly demonstrated qy Brown and 
Okamoto (9). Studies of these equilibria provide a measure of substitu-
ent effects where full carbonium character is unequivocally developed.a 
Initially, it was thought that the thermodynamic equilibrium con-
stant, Xexp! evaluated from conductance data collected b.y means of 
Shedlovsky•s procedure (49) could be determined with sufficient preci-
sion to provide a useful measure of the secondary hydrogen isotope effect. 
The results of this procedure did not, however, permit any conclusion 
to be drawn concerning the sign of the isotope effect because the sta-
tistical uncertainties are of the same magnitude as the maximum anti-
cipated isotope effect. The method employed for estimating the isotope 
effect is described below. 
a. Evidence for this is presented in the introduction of Part II 
(p. 95) of this dissertation. 
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Discussion of Experimental 
Analysis of Data 
Equilibrium Constant and Equivalent Conductance 
The conductance data (Tables 10,11,12) for all chlorides 
were analyzed b.1 the Shedlovsky method (49) to yield values of the 
equivalent conductance ~) and equilibrium constant (K ). The 
0 ~~ 
initial calculation was carried out b,y using an assumed~ of 200. 
0 
A plot of-1\- versus log V (Fig.4) for each compound suggested a_/\_ 
of 196. The best straight line of the Shedlovsky equation was 
determined b,y the method of least squares which provided the inter-
. 2 
cept, 1~0 , and slope, 1/Kexp(fl-0 ) , directly. Using the new value 
0 
for...A....
0 
the process was again repeated until the extrapolated and 
assumed~ agreed to within 0.5%, Table 17. 
The lower limit, 2 x 103 liters/mole, for the concentration was 
maintained as suggested ey Leftin (38) and the upper limit was dicta-
ted b,y the specific conductivity of the solvent. The upper limit 
(approximately 6 x 104 liter/mole) was chosen so that the conductivi-
ty of the solvent (0.5 to 1.4 x 10-7 mho/em.) was never greater than 
3% of the total. 
Precision of the Data 
The precision of the data was estimated b,y an analysis of 
variance (13,72) for 95% and 5o% confidence limits. The limits for 
the slope, intercept, and dissociation constant were adjusted in each 
case b,y use of the statistic, "t". The procedure used for calculating 
the limits of precision of the slope and intercept has been described 
b,y Pappas (44a), and the limits of precision of the equilibrium const-
ant has been computed as described b,y Clougherty (11). Definitions 
and a complete calculation are given in appendix IIb. 
· VSJ.ues of Kexp .. an~ and their standard deviations, Sk and S .A. , 
respectively, calculated for 95% and 50% confidence limits are given 
in Table 5· 
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Table 5 
Quantities Derived from the Shedlovsky Analysisa 
104 sk _/\_ ;._ 
Solute X: 5o% 95% mhos 5o% 95% e:r.p. 
·:..-om. 2 mole coni'. oonf. cont. cont. 
-1 limit limit mole-l limit limit N l. 
Mono-:!:""CH -
trityl cf(I) 6.47 0.18 0.54 204.0 0.7 2.0 39 
Mono-,R;CH-
trityl c~(II)6.25 0.21 o.68 204.1 1.0 3-3 10 
Mono-J!.-CD~-b 
trityl C 6.65 0.12 0.37 202.8 0.5 1.8 18 
a. Variances are adjusted for the number of individual data,. N, 
with the aid of statistic ffttt values. 
b. 2·43 atoms D per molecule. 
A comparison of the limits for X:~~ in Table 5 permits no con-
~P· 
elusion to be drawn concerning the eXistence or sign of the isotope 
effect. The application of the F-test (appendix II) to the variances 
indicates·a significant difference between variances of the X: 
exp. 
values for chlorides I and II and the X:~v for the deuterated chlo-
...-p. 
ride; no difference of significance is indicated between chlorides I 
and II, however. On the other hand, the F-test (13) suggest that fur-
ther evidence should be sought if the answer is very important. The 
statistical uncertainties are also of the order of magnitude of the 
maximum anticipated isotope effect and suggest that these measure-
ments cannot provide useful information on the secondar.y deuterium iso-
tope effect. 
Estimation of the Isotope Effect 
Although the uncertainity in X:exp.as determined qy the above 
methods is of the order of several per cent, it can be demonstrate{ 
that the isotope effect on X can be estimated much more precisely. exp. 
In order to do this, it first must be recognized that the equivalent 
conductances,~+ (at any specified values of v), of J!.-CH3-trityl 
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cation and ~-cn3-trityl cation are identical. This follows from the 
fact that, although they differ by about 1% in mass, these cations 
cannot differ significantly in geometry. Both the limiting conductance 
of an ion of given charge type and the dependence of conductance on 
dilution are functions of ionic size but not of ionic mass (20). 
Therefore~, the equivalent conductance of each solute at a fixed 
stoichiometric concentration, c, is related to the concentration of 
free ions b,r the same proportionality constant. Although (~~ ) 
0 c 
is not equal to «c' the degree of dissociation at stoichiometric 
concentration C for either solute, it differs from «c for these solutes 
b,r the same factor. a Since../\.., is identical for both, A is an exact 0 . c 
measure of a • 
·c The relationship between ac and Kexp~is given by 
equation 16. 
K = exp· (16) 
In the concentration range of the measurements given in Table 13, 
af+ cannot be taken as equal to (c-1x )1/ 2, however, and it is 
expo 
necessary to calculate the effect on a of a small change in Kexp.• 
This can be done with the aid of the Debye-Ruckel equation, which takes 
the form of equation 17 for this system. The Debye-Huckel A parameter 
is herein identified with Bjerrum's q, which for this medium is equal 
to 19.92i• 
-log f+ = 6.681 <cae1/ 21; 2 (17) 
- 1 + 15.48·ca) 
c 
It is thus foundb that, with c = 1.8 X 10-3M, a 1% change in xexp. 
(taken as 6.5 x 10-4) will produce a 0.36% change in ac and therefore 
in..Jl • c . 
a. 
b. 
This is not rigorously true since::A: varies with ionic strength 
and therefore with ec, the true degrie of dissociation (see 
appendix IV). 
See appendix III for calculation. 
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K is, however, not itself a direct measure of the isotope 
exp. 
effect since it is related to both an ionization constant, ~' which 
is subject to ~ isotope effect that m~ be present, and a dissoci-
ation constant, K2, which is not. From equation 18 and an estimate of 
K2 which has been made previously (38,37) it can be shown (Appendix 
IIIa) that K will reflect about 80% of the isotope effect on K_. 
exp. ~ 
Thus an isotope effect of 1% will produce a change of about 0.28% in 
-"'-c· 
IC 
exp. = ~K2 K1 + l 
(18) 
Figure 5 represents the data o:f' Table 13 which serve, on the 
basis of the above analysis, to evaluate the isotope effect in this 
system. Each point represents a measurement obtained With a solution 
prepared on the vacuum line by dissolving a known weight of solute 
(18-30 mg. weighed to + 0.02 mg.) in a known volume (5o-52 ml.) o:f' 
-dried, degassed solvent; i.e., none of these measurements involved 
dilution of the initially prepared solution. In this concentration 
range solvent conductivity makes up only about 0.05% of the solution 
conductivity and the usual small fluctuations in its magnitude are 
negligible; its value was therefore taken as l x 10-7 mho cm.-l in 
calculating the indicated values o~c· 
The data (Table 13) oan be evaluated conveniently by comparing 
the points for the deuterium compound with the best straight line, 
determined by the method of least squares, corresponding to the data 
for the protium compound, i.e., with equation 19. 
~H = 80.86 + 0.04502V (19) 
The mean deviation of~c for the protium compound from this line is 
0.27% (Table 8)._ The mean deviation from this line of the points for 
the deuterium compound is 0.31% (Table 7), but the scatter is one 
sided. Summing these deviations, ~~), algebraically rather than 
§lr,~:;-, 
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SllDllning their absolute values yields a nmean deviation" o:f -0.19%. 
The isotope e:f:fect m~ be estimated from the mean value of the ratio 
(JLEf~) (Table 7), where~ is calculated from the interpolation 
formula, equation 19, an~D values are experimental. Since this 
mean value is 1.0020 with a standard deviation of 0.0036, the isotope 
effect (~)Ef(K1)D m~ be taken as 1.007 t .Ol3a for 2.43 atoms or 
1.003 ! .005 per deuterium atom. 
The preceding results are also obtained b,r comparing the points 
:for the hydrogen compound with the best straight line, determined qy 
the method of least squares, corresponding to the data for the deuteri-
um compound, i.e., with equation 20 • 
..AD = 78.34 + .04887V (20) 
In Figure 5 the deuterium points tend to lie on one side o:f the 
least square line :for the hydrogen compound. However, a comparison 
(Table 6) of the slopes and intercept of equations 19 and 20 shows 
that the hydrogen and deuterium points are actual~ indistinguishable 
within experimental error,.i.e., there is no isotope effect detectable. 
Table 6 
Analysis of Varianoe 95% Confidence Limits for 
..A H = 80.86 + .04502V 
and 
AD = 78.34 + .04887V 
Quantity Value Standard Limits foError 
Deviation 95% 95% 
slope .04502 .00145 .00318~ 7-l 
.04887 .00205 .00527 10.8 
intercept 80.86 .860 1.89~ 2.3 
78.34 1.24 3.18 4.1 
a. t(critioal) = 2.201 and N = 13 
b. t(crit~oa~) = 2.571 and N = 7 
a. It was shown that an isotope effect of 1% will produce a change 
of about 0.28% in~c· 
Table 1 
Deviation of the Deuterium Points about 
the Straight Line Obtained from the Dataa 
of the Protium Compound 
_j\_H = 80.86 + 0.04502V 
VD _,1\_H(oalo.) ..1\..D ( e:x:p • ) ..A.H-"'£ ..A. J-Ay, 
liter/mole 2 -1 2 -1 om. -~hm , om. -~hm , 
mole mole 
513.6 104.0 103.3 0.7 1.00680 
563.3 106.2 106.1 0.1 1.00094 
565·7 106.3 106.2 0.1 1.00090 
604.6 108.1 107·5 0.6 1.00560 
615·7 108.6 108.2 0.4 1.00370 
649.8 110.1 110.5 -o.4 0.99640 
673.3 112.1 112.1 o.o 1.00000 
av. 107·7 m.ean + 0.33 1.00204 ± dev. - av. 
± 0.31~ 
a.. Data. given in Table 13. 
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std. 
dev. 
.0036 
VH 
499.0 
520.9 
531.6 
534.6 
538.7 
554·5 
571.2 
587.4 
642.8 
654·5 
675·3 
676.3 
699·2 
Table 8 
Deviation of the Protium Points about 
Least Square Line 
.../LR = 80.86 + 0.04502V 
AI!(ca1o.) ..JLR(exp.) AR( oalo. )-R( e:x:p •) 
103.4 103.4 o.o 
104·4 103.9 0.5 
104.8 105·4 -0.6 
105.0 105.0 o.o 
105.2 104·7 0.5 
105-9 106.0 -0.1 
106.6 106.7 -0.1 
107.3 107.2 0.1 
109.8 110.0 -o.2 
110.4 109.6 0.8 
111.3 111.6 -0.3 
111.4 111.1 0.3 
112.4 112.6 mean -o.2 
av. 107·5 dev. :!:0·28 
:0·27% 
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An Exact Calculation of the Isotope Effect 
The procedure given in the preceding section does not take into 
account the effect of ionic strength on the apparent isotope effect 
at· fixed stoichiometric concentrations. The point is that ..AJ..An 
at identical stoichiometric concentrations of solutes is an increas-
ingly poor measure of KEfKn as this ratio differs from unity because 
ionic strengths in the two solutions are then increasingly different 
and, as a consequence, both ionic mobilities and activity coeffici-
ents are increasingly different in the two solutions. Thus, a more 
elegant procedure for calculating the isotope effect is to solve the 
Shedlovsky equation (Appendix IV) e:x:plici tly for K . , substitute 
the Deb.ye-Huckel equation for f;, thereb.y take the~~ic strength 
effect into account in comparing pairs of points. This gives direct 
measures of KK JiD from each pair of points. 
exp. e:x:p. 
This procedure is applied to the data of Figure 3 for a hydro-
gen point and for a deuterium point at the same stoichiometric con-
centration taken from the least square plot of~versus V (equations 
19 and 20, respectively). The same value of~0 is used for the two 
solutes in this calculation. The calculation (Appendix IV) is cumber-
some and shows no effect of ionic strength on the apparent isotope 
effect reported in the preceding section. 
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Conclusions 
The development of full carbonium ion character is not associated 
in the present case with a significant secondary isotope effect. The 
sensitivity of the equilibrium to substituent effects can be compared 
with similar reactions involving carbonium ions. K1 is increased only 
20 fold b.r introduction of a ~-methyl group into trityl chloride at 
0°0.,:(36,37)• The introduction of a ~-methyl group into «-phenylethyl 
chloride or benzhydryl chloride does not increase the rates of their 
solvolytic reactions by greatly different factors. In acetolysis of 
«-phenylethyl chloride at 50° the factor is about 25 (28,321 59)a and 
in solvolysis of this compound at 70° in 1180% acetone" it is about 37 
(28,321 22)b. The factor for benzhydryl chloride at 0° lies in the 
vicinity of 32 for solvolysis in "9o% alcohol and aqueous acetone of 
several compositions (54). Finally, Swain et al. (65) have reported 
a. 
b. 
An approximately equivalent amount of sodium acetate was added to 
prevent the reverse reaction, RCl + CH COOH~ ROAc + HCl. 
In the presence of an ionized acetate, 3howev~r, the acetate ion 
reacts with the hydrogen chlor!de, ~d the acetolysis proceeds to 
completion, C~~OH ~ CH~COO + H • The medium employed by 
Steigman and ett~9) Was O.lM in LiCl and also in LiOAc 
whereas Lewis et al. (28,32) employed a medium O.IM only in LiOAc. 
The addition of a "common-ion11 salt, lithium chloride, would be 
expected to transform many carbonium ions back to RCl and thus 
slow the rate of disappearance of RCl; also, there would be an 
ionic-strength effect working in the opposite direction(20b). 
Com~arison is based on extrapolation of the data of Lewis et al. 
(32), which were obtained in a medium O.lM in NaCl. This solute 
was absent in older work. These authors state that a common ion 
retardation is being made constant b.y the added chloride ion, 
although this effect has not been observed previously in these 
compounds. The initial rates in the absence of chloride ion 
were the same as in its presence, suggesting that, if a common 
ion retardation is the source of the effect of sodium chloride, 
the isotope effect in the ionization step alone is similar to 
that found in the presence of chloride ion. It also suggests 
that the normal salt effect cancels the retarding effect. A 
second possibility, stated b.r Lewis et al., is that in this solvent 
the reaction is perceptibly reversible, as it is in acetic acid, 
but it is not clear why the addition of sodium chloride would lead 
to clean first-order kinetics. No such effect was noted on the 
meta compound in either "7o%tt or "8o%tt acetone, but non-reprodici-
bility of electrodes in these systems reduces the significance of 
this observation (32). 
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that no substantial isotope eftect is observed in aromatic bromination 
which is characterized by a much larger substituent effect (10). 
The Hammett p-value is about 11 for this reaction (67) whereas it is 
about 4 for the ionization of substituted trityl chlorides in liquid 
sulfur dioxide (38) and for the so~volysis of substituted benzhydryl 
chlorides in a variety of media (10). Thus, no correlation is apparent 
between the sensitivity of thesereactions to substituent:effects and 
the magnitude of the secondary deuterium isotope effect. 
The results reported in this work m~ be interpreted in terms 
of hyperconjugative (33,57) and inductive (16) effects aiscussed in 
the introduction. A hyperdonjtigative mechanism would favor a larger 
ionization constant (K/~) 1) for the hydrogen compound than for the 
deuterium compound in the following equilibrium: 
COl (!] ~-: Qf-e1 , 802'- ni-Q-V+cl- (21). 
© © 
HY:Perconjugative stabilization in the final cation m~ be pictured as 
> 
Halevi (lED claims that the inductive effecta of a C-D bond relative to 
that of a 0-H \Qnd is large enough to obscure the relaticnship between 
hyperconjugation and isotope effects.· This might be true in these re-
sults, for an inductive effect would favor a larger ionisation constant 
(KB(KD(l) for deuterium. Also, the vanishing secondary isotope effect 
a. Evidence (16,66) for this effect is discussed in the introduction.-
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reported b,y Swain et a1.(65) for the nitronium ion nitration of 
toluene and toluene-«-t, K./k:a: ... 0.997 ± 0.003, :for mercuration of 
toluene-«,a,a-a3, knfkR = 1.00 ± 0.03 per deuterium atom and for 
the Br2 bromination of toluene-a-t, k./kR = 0.956 ± o.oo8, all reactions 
carried out at 25°0., might be a result of cancellation between hyper-
conjugative reta.rdat·ion and inductive acceleration effected b,y the 
introduction of deuterium. 
The magnitude of the isotope effect was thought to be indepen-
dent of solventa in equilibrium 21 prior to the commencement o:f the 
problem. It was stated (p.26) that studies of equilibrium 21 pro-
vide a measure of substituent effects (34-36) where full carbonium 
character is unequivocally developed. 
b c b,y Bartlett and Weston and Pocker • 
Evidence for this is presented 
Their results obtained from the 
visible spectra of solutions of triphenylcarbonium ion in liquid sul-
fur dioxide and concentrated sulfuric acid are discussed in t)le intro-
duction (Nature of the Carbonium Ion) of Part II of this dissertation. 
Pockerc concluded that sulfur dioxide solvates the chloride ion and 
not the carbonium ion. Lewis (32) and Shiner (54) report, however, 
a solvent dependence (Table 1) in solvolyses of 1-~-tolylethyl chloride 
and ~alkylbenzhyd.ryl chloride in aqueous acetone. Since the charge 
on the central carbon atom is delocalized into three phenyl rings in 
triphenylcarbonium ions and therefore less exposed for solvent-inter-
action, triphenylcarbonium ions would be expected to show very little 
solvent dependence. The charge :formed on the central carbon atom in 
solvolysis of 1~-tolylethyl chloride and ~-alkylbenzhyd.ryl chloride 
is delooalized into one and two phenyl rings, respectively. 
a. The nucleophilioity of the solvent is discussed on P• 21. 
b. Reference 3 Part II of this dissertation. 
o. Reference 57 Part II of this dissertation. 
OR.- j/\\ _g_ f/Y\ 
3 \.::::J + \_::y OR _//':\ 1= F\ + ( ) 3 \:::.1 \-=/ 
Thus, these systems would be expected to show some solvent depen-
dence because the charge is more exposed for solvent-interaction. 
Experimental 
Preparation of Compounds 
Mono-~-methyltriphenylcarbinol 
40 
Magnesium turnings (4.5 g., 0.189 mole, Eastman), bromoben-
zene (31.0 g., 0.197 mole, Eastman), and anhydrous ether (100 ml., 
Baker, C.P. grade) were mixed to form phenylmagnesium bromide. Metbyl-
~-toluate (13.8 g., 0.092 mole, Matheson) in 50 ml. of dry ether was 
then added drop-wise to the solution of phenylmagnesium bromide. The 
mixture was refluxed for two hours, and then poured into a miXture of 
ice and lo% sulfuric acid. The residue isolated after hydrolysis and 
steam distillation of the reaction mixture was recrystallized to a 
constant melting point from benzene (Baker) to yield a product (4.75 g., 
18.5%) melting at 72·5-73° (corr.); lit. m.p. 72-73° (4). 
Mono-~-methyltriphenylchloromethane I 
The carbinol (4.75 g., 0.017 mole) and acetyl chloride (5.0 ml., 
0.069 mole, Merck1 s Reagent grade) that was taken directly from a 
freshly opened ampoule were mixea, and the resulting orange solution 
was refluxed for 15 minutes under an atmosphere of nitrogen. The 
crystals which formed on cooling were recrystallized from 1.7 ml./g. 
of solvent consisting of a 2:3 mixture of 30-60° petroleum ether (Baker, 
C.P. grade) and ether (Baker, C.P. grade) which had been dried over 
sodium. The product was collected under nitrogen, washed with cold 
sodium-dried 30-60° petroleum ether and dried in an Abderhalden ap-
paratus over sodium hydroxide and paraffin by pumping at 4 mm. for 15 
hours at 56°. The chloride weighed 3.51 g. (7o%) and melted at 98-99° 
(corr.); li~.m.p. 99° (5). 
Mono-_£-methyl triphenylchloromethane II · 
The carbinol, supplied by Dr. E.S. Lewis, The Rice Institute, 
was prepared from toluene by~ sequence·that closely paralleled the 
preparation of the deuterium compound (Appendix I). The apparent dis-
crepancy between the melting points of the carbinol precursors of 
chloride I and the labeled chloride was resolved by observing that 
the carbinol precursor of chloride II, recrystallized from 8o% aqueous 
ethanol, melted at 78.4-79.2° but recrystallization to constant melt-
ing point from benzene reduced the m.p. to 72-73° (corr.). Chloride II 
was prepared from the carbinol (1.77 g., .0057 mole) subsequent to 
recrystallization from benzene b.y a procedure much like that used in 
preparationa of chloride r. The product (1.2 g.) was recrystallized 
twice from 2-ml. portions of 3:1 acetyl chloride-petroleum ether. 
The crystals were collect.ed and washed With cold dried petroleum ether 
under N2 and dried in an Abderhalden apparatus by pumping at 0.025 mm. 
and 80° for 23 hours in the presence of sodium hydroxide and paraffin. 
The product weighed 1.00 g. (84% recovery) and melted at 98-99° 
(corr.); lit. m.p. 99° (5). 
M0no-~~thyl-d3-triphenylchloromethane 
This compound was obtained from Dr. N.N. Lichtin (Appendix I). 
The chloride (1.6 g.) was recrystallized from 2.5 ml. of a solvent made 
up of acetyl chloride (Merck's, Reagent grade), 30-60° petroleum ether 
(Eaker, O.P. grade) and ether (Baker, C.P. grade) in a volume ratio 
of 1:2:2. The product was dried in an Abderhalden apparatus by pump-
ing for 6 hr· at 1 mm. and 41° over sodium hydroxide and paraffin to 
provide 1.1 g. (67% recovery) of material which melted at 97·5-98.1° 
(corr.). A mixture of this compound with chloride I melted at 98-
990 (corr.). 
Analysis Procedure for HYdrolyzable Chloride and Deuterium 
The following procedure has been described by Vignale (67) except 
for the indicator used. The sample (80-120 mg.) was weighed in a 
50 ml. glass stoppered Erlenmeyer flask and then dissolved in 2 ml. 
of benzene. Ten milliliters of absolute~hanol and 10 ml. of O.lN 
aqueous NaOH were add~d~and the stoppered flask was allowed to stand 
for one hour with occasional swirling. Afterwards, the excess sodium 
hydroxide was titrated with O.lN hydrochloric acid to a methyl red end-
point. A ten milliliter burette was used to make it possible to read 
the volume of acid to within 0.01 ml., and two to three drops of methyl 
red (o.l% in ethanol) was use~ as indicator. The reagents were stand-
a. Acetyl chloride (2 ml., .023 mole, Merck's, Reagent grade) 
was taken directly from a freshly opened-ampoule. 
ardized using procedures and conditions analogous to those employed 
in the analysis. 
The deuterium content of ~-trideuteriomethyl trityl chloride 
was determined b,y a procedure tha~ involves combustion, reduction of 
the resulting water to molecular hydrogen, and mass spectrometric 
determination of the hydrogen content of the gas.a The following 
deuterium analysis was found: atom fQD 14.3, 14•4• This was found to 
correspond to 2.44 atoms of deuterium per molecule, which is a 16% 
decrease in the deuterium content per molecule over the entire 
synthetic path from c6R5cn3 (Appendix I). 
The deuterium content in excess of the normal isotopic distri-
bution was found to be negligible for the chlorides I and II.a 
a. The deuterium analysis was made by Dr. David R. Christman of the 
~ookhaven National Laberator,r. 
Tab1e·9 
Summary of Chloride Analysis (BYdro1ysis) 
Compound Theoret. Found 
%C1 foC1 
020IS_7C1 I 12.11 12.11, 12.13 
c20IS_701 II 12.11 12.10, 12.10 
020El4.56D2.44°1 12.01 12.06, 12.12 
'J 
Conductivity Measurements 
Materials 
Acetone and petroleum ether were used to wash the con-
ductivity cell before each .run, and were alw£cy"s :Baker's C.P. grade 
or Merck's ~eagent grade. The solvents were kept in their original 
containers and portions were removed from them when necessary. 
Liquid Sulfur Dioxide 
The solvent used in all of the conductivity measurements 
was "Refrigerationtt grade sulfur dioxide supplied as a. liquid in 
pressurized tanks b,y the Virginia Smelting Qg. under the trade name 
of ttEx:tra-Dry Esso-Too 11 • 
Using the vacuum line technique described by previous workers 
(34,67b,35), this material was alw~s further dried in the gas phase 
by passage through two 50 x 2.5 em. columns of Baker's C.P. anhydrous 
magnesium perchlorate (Anhydrone). Each column contained a. band of 
indicating Drierite to indicate when the capacity of the drying agent 
was exhausted. The drying agent was changed twice during this in= 
vestigation before any indication of fading in the Drierite. With 
every run the condensed dried sulfur dioxide was degassed by pump-
ing at -78°C for at least fifteen minutes. 
The values of dielectric constant (15.35) and viscosity (4.03 
x l0-3poise) of liquid sulfur dioxide at O.l60°C were calculated 
by means of equations provided by Leftin (36). 
Apparatus and Procedures 
Conductivity Cell 
The conductivity cell used throughout this investigation 
is adequately described by Pa~pas (44). The same cell, cell #0, was 
used for all measurements. Since this cell was repaired, the cali-
brat.ed values are different from those previously reported (44). 
The cell constant (0.2385 cm.-1 ) was de~ermined b,y the procedure of 
Jones and Bradshaw (24). The dilution bulb volume (18.700 ml.) and 
the electrode bulb volume (52.633 ml.) were determined b,y the pro-
cedures described by Vignale (67a,67c). 
Preparation of Conductivity Cell 
Before each run the cell was rinsed with three 20 ml. 
portions of acetone and then with three 20 ml. portions of petroleum 
ether. Residual solvent was removed b,y pumping with a water aspira-
tor and heating the calibrated portions with an infrared lamp. The 
cell was then sealed to the vacuum line, and subsequent procedures 
were carried out according to the method described b,y other authors 
(34,35,67b). 
Conductivity Bridge and Measurements 
The conductivity bridge used in this investigation was the 
same as that used by Leftin (36). Measurements were made at a set 
frequency of 2000 o.p.s. and at an intensity setting of the audio 
frequency oscillator of 50 (Hewlett-Packard Oo., Palo Alto, Californ-
ia, Model 200A.). At dilut~ons around 600 1 mole-l resistance measure-
ments were made With a precision of + 0.01% and at dilutions between 
10,000 and 60,000 1 mole-l the preci;ion of a resistance measure-
ment was :!: 0.1%. 
Measurements were carried out b,y the method of Lichtin and 
Bartlett (34). The temperature was maintained at 0.16 + 0.01° 
in a large refrigerated oil-filled thermostat. The samples weighed 
between 18 and 30 milligrams and were weighed with a precision of 
~ 0.1%. The same procedures were employed in preparing solutions 
for measurement of only the initial solution and for runs involving 
several dilutions. The conductivity data are given in Tables 10, 11, 
12. The k values are corrected for k50 • 2 
Table 10 
Conductfvi ty of M'ono-.E_~methyl triphenylchloromethane I in 
v 
liters 
mole 
642.8 
1792 
4989·4 
13,910 
38,787 
499·0 
1389 
3869 
10,786 
30,070 
520.9 
1452 
4054 
11,319 
31,647 
Sulfur Dioxide Solution 
(Run #3) 
17.108 
7·676 
3.260 
1.312 
0.504 
k so2 0.012 
(Run #4) 
20.717 
9·443 
4·076 
1.656 
0.640 
k so2 0.013 
19.948 
9 .. 095 
3.916 
1.587 
0.608 
(Run #5) 
_A_ 2 
mhos-em. 
mole 
137.6 
162.7 
182.5 
195·5 
103.4 
131.2 
157·7 
178.6 
192·5 
132.0 
158.8 
179.6 
192.4 
v 
liters 
mole 
352.8 
963.2 
2635 
7206 
19,703 
272-9 
749·1 
2053 
5633 
15,463 . 
42,489 
699·2 
1916 
5,248 
14,295 
39,164 
Table 10 (Cont'd) 
k :X: 10=~ 
mhos-em. 
27.168 
12.716 
5-693 
2.403 
0.956 
(RUB #7) 
k 002 0.018 
32.281 
15.211 
'6.839 
2.914 
1.171 
0.443 
(Rma #8) 
k so2 0.014 
16.106 
7·325 
3·155 
1-272 
0.488 
(Run #9) 
k so2 0.014 
...IL 2 
mhes-cm. 
mole 
150.0 
173-2 
188.4 
88.09 
113.9 
140.4 
164.2 
181.1 
188.2 
140.3 
165.6 
181.8 
191.1 
v 
liters 
mole 
676.3 
1850 
5064 
13,848 
37,884 
534.6 
1455 
3965 
10,768 
29,243 
554·5 
1519 
4172 
11,437 
31,334 
Table 10 (Cont'd) 
k x 1o:i 
mhos-em. 
(Run #J.O) 
16.434 
1·504 
3·230 
1.307 
0.502 
k so2 o.oo9 
(Run #11) 
19.646 
9·071 
3.980 
1.648 
0.659 
k so2 o.o1 
(Run #13) 
19.110 
8.761 
3.813 
1.562 
0.604 
_/\_ 2 
mhos-em. 
mole 
111.1 
138.8 
163.6 
181.0 
190.2 
105.0 
132.0 
157·8 
177·5 
189.8 
106.0 
133.1 
159-1 
178.6 
189.3 
48 
v 
liters 
mole 
675·3 
1856.3 
5091 
14,015 
38,566 
377·1 
1034 
2836 
7,762 
21,287 
58,265 
591.1 
161,:. 
4428 
12,127 
33,251 
Table 10 (Oont'd) 
k x 1o:i 
mhos-em. 
(Run #14) 
16.530 
7·503 
3.232 
1.306 
0.501 
k so2 o.o1 
(Run #15) 
25.384 
11.915 
5·321 
2.234 
0.878 
0.333 
k so2 o.o1 
(Run #16) 
18.416 
8.490 
3.703 
1.509 
0.586 
...1\_2 
mho sTem. 
mole 
139.3 
164·5 
183.0 
193.2 
123.2 
150.9 
173·4 
186.9 
194-0 
137-5 
164.0 
183.0 
194·9 
Table 11 
Conductivity of Mono-~-methyl-d3-triphenylchloromethane in 
va 
liters 
mole 
563.3 
1548 
4251 
11,680 
32,094 
604.6 
1672 
4625 
12,791 
35,417 
993-2 
2737 
7553 
20,673 
57,136 
Sulfur Dioxide Solution 
k x 1o:i 
mhos-em. 
(Run #17) 
18.841 
8.643 
3·756 
1·539 
0.594 
k so2 o.oo6 
(Run #18) 
17·775 
8.085 
3.464 
1.421 
0.5477 
(Run #19) 
12.312 
5-488 
2-296 
0.905 
0.341 
a" See footnote> p. 51. 
_A_a. 2 
mhos-em. 
mole 
106.1 
133.8 
159·2 
178.6 
190.6 
107.5 
135.2 
160.7 
181.8 
192.0 
150.2 
173·4 
187.1 
194.8 
va 
liters 
mole 
811.~ 
2235 
6145 
16,894 
46,460 
1051 
2898 
7994 
21,379 
58,884 
Table 11 (Cont'd) 
k X 10:~ 
mhos-om. 
(Run #20) 
14.263 
6.403 
2-738 
1.089 
0.440 
11.749 
5·223 
2.176 
0.869 
0.326 
(Run #21) 
k so2 o.oo98 
_A a. 2 
mhos-om. 
mole 
143.1 
168.3 
184.0 
192.3 
123·5 
151·4 
173-9 
184.3 
192.0 
a. The V andJL values are calculated on the basis o:f the known 
composition, c20Hi4•56n2•44cl. 
v 
liters 
mole 
654·5 
1801 
4954 
13,632 
37,530 
531.6 
1439·5 
3899.0 
10,564 
28,632 
750·5 
2058·9 
5654 
15,513 
42,585 
Table 12 
Conductivity of Mono-~-methyltriphenylchloromethane II 
in Sulfur Dioxide Solution 
k X 10-5 
-1 
mhos-em. 
(Run #28) 
16.742 
7.638 
3·296 
1.337 
0.517 
k so2 0.007 
(Run #29) 
19.821 
9·154 
4.034 
1.661 
0.649 
k so2 o.o12 
(Run #31) 
15.147 
6.867 
2·956 
1.186 
0.460 
k so2 o.o1o 
_/L2 
mhos-em. 
mole 
109.6 
137.6 
163.3 
182.3 
194·0 
105-4 
131.8 
157·3 
175·5 
185.8 
141-4 
167.1 
184.0 
195·9 
3 
4 
5 
9 
10 
11 
13 
14 
17 
18 
32 
33 
35 
36 
37 
28 
29 
38 
39 
40 
a. 
b. 
Table 13 
Initial Concentrations 
Mono-~-methyltriphenylchlorometh~e I 
·v 
:li>tsx 
mole 
642.8 
499.0 
520.9 
699·2 
676.3 
534.6 
554·5 
675·3 
.A.. 
_-=;. . 2 
.uw.us-cm. 
mole 
110.0 
103.4 
103.9 
112.6 
111.1 
105.0 
106.0 
111.6 
~no-~-methyl-d3-triphenylchloromethane b 
563.3 106.1 
604.6 107·5 
565·7 106.2 
615·7 108.2 
513.6 103.3 
693.3 112.1 
649.8 110.5 
Mono-~-methyltriphenylchloromethane II 
654·5 
531.6 
538-7 
587·4 
571.2 
109.6 
105.4 
104.7 
107.2 
106.7 
Specific conductance of the solvent was taken as 1 x 10-7. 
The V andAvalues are_ calculated on the basis of the known 
composition, c20H!4•56n2•44cl. 
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Table 14 
Analysis of Variance 95% and 5o% Confidence Limits for 
NDno-~-methyltriphenylchloromethane I 
N=3 
Standard Limits foError Liinits 
Qua.nitity Value Deviation (95%) 95% (50%) 
c ~X 103 4·901 0.027 0.054 1.1 0.018 
. c 
b X 102 3.716 0.15 0.299 8.1 0.10 
A 204.0 2.0 1.0 0.70 0 
104x 6.465 0.27 0.54 8.4 0.18 
t(critica1) 2.027a o.6816a 
dF0 3.99b 0.05 0.01 
a. 
b. 
c. 
Interpolated 
KCal.Jmole 2 ~ is intercept (1/~) and b is slope (1/Kexp~o ) 
of the Shed1ovsky equation ~Appendix IV). 
foError 
5o% 
0.37 
2.71 
0.34 
2.8 
Table 15 
Analysis of Variance 9~ and 50% Contidence Limits for 
M0no-~-metbyl-d3-triphenyl chloromethane 
N=l8 
Standard Limits foError Limits foError 
Quantity Value Deviation 95% 95% 5o% 5o% 
a 
A :x: 103 4.932 0.018 0.038 0.77 0.012 0.25 
a 
b :X: 102 3.659 0.093 0.197 5·39 0.064 1.76 
A 202.8 1.8 0.89 0.5 0.25 0 
lo4x 6.649 0.18 0.37 5.61 0.12 1.82 
t(critical) 2.120 0.690 
ApP 3·97b 0.04 0.01 
a.. A is intercept (1/.A.. ) and b is slope (1/K JL 2) of the 
Shedlovsky equation ~Appendix IV). e:x:p • 0 
Kca.l./mole b. 
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Table 16 
Analysis of Variance 95% and 5o% Confidence Litni. ts for 
MDno-~-methyltriphenylchloride II 
lii=lO 
Standard Limits %Error Limits %Error 
Quantity Value Deviation 95% 95% 5o% 5o% 
a 
,!!. X 10-3 4·900 0.034 0.079 1.6 0.024 0.49 
a 
_£X 10-2 3.842 0.174 0.400 10.4 0.12 3.2 
.J\-0 204.1 3.3 1.0 
105K 6.251 0.295 0.68 10.9 0.21 3-3 
t(critical) 2.306 0.706 
AF0 4.0lb 0.06 0.02 
a. a is intercept (l/X) and b is slope (1/Kexp.Jlo 2) of the 
Shedlovsky equation ~AppendiX IV). 
KCal./mole b. 
Table 17 
Values Used and Obtained in Shedlovsky Calculation 
Deuterated 
Chloride I Chloride Chloride II 
Approximation A
0 10
4K ..A.. 104x: .A. 104K e:x:p. 0 e:x:p. 0 e:x:p. 
1 203.3 a 6.619 203-7b 6.696 204.0 6.277 
2 204.1 6.468 202.4 6.734 204.1 6.251 
3 204.0 6.467 202.8 6.674 
a. A value of-llo(200) suggested b,y the~ versus log V plot was 
assurnrned. 
b. A value o:f ..A = 205.6 was assurnrned. 
0 
Appendix I 
Preparation of Mono-~methyl-d3-triphenylcarbinola 
The synthesis of this material started With trideuteriomethyl-
benzene, the preparation of which has been described (32). Ana~­
sis of deuterium b,y mass spectrometry showed 2.92 atoms of deuteri-
um per molecule and nuclear magnetic resonance spectra indicated 
roughly 0.5 atom of methyl group protium per molecule (32). Methyl-
d3-benzene was converted to mano-~-methyl-d3-benzophenone, thence 
to mono-~-methyl-d3-triphenylcarbinol as follows. 
Mono-~-methyl-d3-benzophenone 
A 7·5-g. sample of methyl-d3-benzene was dissolved in 
60 ml. of carbon disulfide and placed in a 500-ml. three-necked flask 
fitted With stirrer, reflux condenser and dropping funnel, together 
with 27 g. of anhydrous aluminum chloride. The mixture was heated 
to boiling and 11 g. of benzoyl chloride was added over a period of 
half an hour. Heating was continued for one hour more, then the 
carbon disulfide was removed b.1 distillation and the residue was pour-
ed into 600 ml. of lo% sulfuric acid. The mixture was extracted 
with ether, and the ether extract was washed with water, 5% sodium 
bicarbonate solution and finally saturated sodium chloride. It then 
was dried over magnesium sulfate. The ether was removed b.1 dis-
tillation, the residue was dissolved in petr. ether (30-60°) and, 
on cooling, 11 g. (70%) of the ketone crystallized in three crops, 
m.p. 55·5-57°· 
M0no-~-methyl-d3-triphenylcarbinol 
Mono-~methyl-d3-benzophenone (8 g.) was added in ether 
solution over a period of half an hour to a solution of phenylmagnesi-
um bromide, prepared in the usual w~ from 13 g. of bromobenzene. An 
additional half-hour was allowed, then 30 ml. of 4 N hydrochloric acid 
was added. The ether l~er was washed with water and With saturated 
sodium chloride and dried over magnesium sulfate. The ether was 
a. Prepared b.1 E.S. Lewis, R.R. Johnson and G.M. Coppinger at 
the Rice Institute. 
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distilled and the residue recrystallized from 30-60° petr. ether in 
the presence of charc9al, yielding 5.01 g. of carbinol (45%), m.p. 
77-79°. Rec~stallization from Bo% ethanol yielded crystals of 
m.p. 77·4-77.8°. 
M0no~methyl-d3-triphenylchloromethanea 
The recrystallized carbinol (3.25 g.) was treated with 7·5 
g. of acetyl chloride b.1 heating under reflux, for about 20 minutes, 
with exclusion of atmospheric moisture. After addition of 4.6 ml. of 
35-60° petr. ether, crystals formed slowly. The crystals were washed 
With a total of 4·5 ml. of 35-60° petr. ether in small portions, all 
under N2, recrystallized from 8 ml. of 3:1 petr. ether-benzene 
(both predried), collected and washed with 6.5 ml. of petr. ether 
tinder nitrogen~ The sample was transferred to a weighing bottle and 
placed in a vacuum desiccator. The desiccator was pumped at .005 mm. 
for 4·5 hours and then closed under vacuum with the weighing bottle 
open. The product melted at 98.~99.6° (corr.). 
a. Prepared b,y Dr. N.N. Lichtin in this laboratory. 
.Appendix II 
Statistical Definitions and Equations 
"Every experimenter should have at the very least an eleme:m.-
tary knowl·edge o:f statistical methods, so that he mq be able to 
apply the simpler statistical tests for himself, and be able to 
~ ~ ~ t ' 
:follow the reasoning used in :ptore complex studies carried out by 
othersu (13). The :following di~cussion will consist of definitions 
and equations used in the statistical analysis <:>:f the data.com-
pilea in this dissertation. No lengt~ discussions will be pre-
sented because each subject usually requires at least a chapter in 
most statistic books. Most o:f the definitions, equations, and dis.-
cussions were taken directly or indirectly :from Davies (13) or 
Youden (72). 
Two types o:f measure used to represent the properties of dis-
tributions o:f the data were as follows: (1) a measure o:f the average 
value, i.e. the location o:f some central or typical value, (2) a 
measure o:f dispersion, the degree o:f spread o:f the data round the 
average • 
.A:ri thmetic Mean 
The arithmetic mean, defined as the sum o:f the observations 
divided b.1 their number, was used to determine the average value. 
Variance and Standard Deviation 
A measure of dispersion was shown b,y calculating the variance 
and standard deviation. Phe variance and standard deviation are 
equivalent. Variance is defined as the mean square deviation of the 
observations from the arithmetic mean divided b.Y the degrees o:f 
freedom, "the effective number of observations on which an estimate 
is basedn. The square root of the variance is called the standard 
deviation. The variance "is not a linear :function of the variate, so 
that its numerical importance is not easily appreciated~. Its 
square root, however, has the same dimensions as the variate, and is 
therefore a more easily appreciated measure of dispersion1' • 
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Mean Deviation 
Another measure of dispersion is the mean deviation, defined as 
nthe arithmetic mean of the deviations from the mean, all taken with 
the positive sign". 
t and F Ratios 
The quantity t is the ratio of a statistic'or estimate (usually 
a mean or difference of two means) to its estimated. standard error 
(synonomous with standard deviation when the deviations are wholly 
attributable to error). F is the ratio of two estimated variances 
and is used to detect differences be~ween two variances. The un-
certainties or variations in t and F, due to random sampling depend 
on the number of degrees of freedom available for estimating the 
variance or variances involved. If the variance is based on a. few 
degrees of freedom the statistic based on it m~ vary between 
relatively wide limits owi~ to chance alone; if it is based on more 
degrees of freedom, the range of variation will be smaller. 
Tabulation of t and F values and discussions of their uses are given 
in most statistical books. 
Confidence Limits (13) 
"If the distribution of any 'itariate is known or assumed, th$ 
probability that it will fall outside any assigned limits can be cal-
culated. The value which will be exceeded once in forty times, on 
the average, is known as the upper one-in-forty (or 2 1/~) limit. 
The lower one-in-forty limit, and limits corresponding to any other 
probability, :Dla\V be defined in a similar w~." 
ttWh.at has been defined as the 2 1/ ~ limits enclose an interval 
within which lie 95% of the values, and such limits are ~herefore 
known quite oommonly as the 95% limits. Here there is no possibility 
of confusion; but confusion can arise when a wri.ter refers to what 
Davies (13) has termed the 2 1/2% limits as the 1 5% limits•, on the 
grounds that 5% of the values lie outside the limits, i.e.-the 5% re-
presents the total area of the two 'tails' of the normal distribution 
curve, whereas the 2 1/~ refers to-the area of either •tail'·" 
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Further discussions of these terms and their uses are found in 
Davies (13) or Youden (72). 
The statistical equations and an example of their uses are given 
below for an analysis of the data compiled in this work. 
The variance of a single measuremen~ was calculated as 
(l) 
where ei is the deviation of a single measurement of the dependent 
variable in the Shedlovsky equation, i.e. 1/~S(z) from the least 
square solution of the equation obtained using N data points. The 
variance in the slope and intercept were calculated as 
s2b ;;; NS2/NLx2 - (LX)2 
s2a = s2I:x2/N1:x2- <l:x)2 
The variance in K was calculated as 
(2) and 
(3) 
s
2K = (a/b) 2 [4 s2a + (a/b)2 s2b] (4) 
where a and b are the intercept and slope, respectively. 
The square root of the quantities s2a, s2b, and s2K each 
multiplied b.1 statistic t are the limits of precision for 95% 
confidence. They are labeled a,~' and ~respectively. The statistic 
"t" was obtained from standard statistical tables (13,72). 
Appendix IIb 
Statistical Ana1Ysis of Data on 
Mono~methyl-d3-triphe~lchloromethane 
I.. Least square equation o:f the regression line of uy11 on "X11 
' Y(calod.) = (3 .. 659 X l0-
2) (X ) + 4•935 X 10-
3 
exp. 
II. Variance of a single nyu measurement 
s2 = [ei 2 I (N-2) 
= 326.07 X 10-l0/18-2 
= 20.379 X 10-lO 
III. Variance of Intercept and slope 
IV. 
(b) 
s2 = s2~x2/[N1:x2-(~x)2] 
a 
= (20.379.X 10-10)(6.6504) X 10-3/4234 X 10-2 
= 32.010 X 10-ll 
S = 17.891 x 10-6 (Standard deviation of intercept) 
a 
s2b = NS2/[NLX2-(1:x)2J 
= 18 X 20.379 X 10-10/4.234 X 10-2 
= 8663.7 X 10-lO 
Sb = 9•3078 X 10-4(Standard deviation of slope) 
Variance of K exp. 
K = a2/b 
exp. 3 
= (4.9321 X 10- )2/3.6585 X 10-2 
= 6.649 X 10-4 
= 1.8174 X 10-2(4 X 32.010 X 10-ll + (1.8174 X 1Q82 X 
X 86.637 X 10 )) 
= 309•41 X 10-l2 
= 17.582 x 10-6 (Standard deviation of K ) exp. 
v. Calculation with 95% Confidence Limits (D.F. = 16, t # 2.120 
(a) Intercept Limits 
a = tS 
a. . -6 
= 2.120 X 17.89 X 10 
= 37.93 X 10 -6 
r~ = 102 a/a= 37•93 X 10-6 X 102/4.932 X 10-3 
= 0.77 
(b) Slope Limits 
P= tsb = 2.120 x 9.3078 x 1o-4 
= 19.73 X 10-4 
r~ !"' 102 ~/b 
= 19.73 X 10-4 X 102/3.659 X 10-2 
= 5·39 
(c) Limits of K 
exp. 
f= tSk 
-6 
= 2.120 X 17.582 X 10 
%"'¥= Y/K 102 I· exp. 
= 37.274 X 10~6 X 102/6.649 X 10-4 
= 5.61 
(d) Limits o:f'A 
0 
(l) Upper limit = [ (4.932 - 0.038) x 10-3 ]-l = 204.6 
(2) Mean = [ (4.932) x 10-3 ]-l = 202.8 
(3) Lower limit = [ (4.932 + 0.038) x 10-3 ]-1 = 201.0 
A = 202.8 + 1.8 
0 -
Appen~ ITI 
· Calculation of the Effect on 4 
of a Small Change in K 
e:x:p. 
It is stated on page 29 that, in the concentration range of the 
conductance measurements described therein, 4f+ cannot be taken as 
equal to cc-1x:e:x:p)1; 2 · and it is thus necessary to calculate the 
effect on 4 of a small change in K in equation 16. e:x:p. 
K 
e:x:p. = l - 4 
Equation 16 is rearranged to give equation 16a 
+ 4IC - K=O exp. 
(16) 
(16a) 
With the aid o£ the Deb,re-Ruckel equation, which takes the form of 
equation 17 for this system, 
6.687 [4(RC1) ]1/ 2 
-log f = s / 
± 1 + 7 •773 X 107 .!. [4(RC1•)8 ]
1 2 (17) 
where the .!.:Parameter is herein identified With Bjerrum's ~ (6), which 
is 19.92 i for this medium, the effect on 4 of a small change in K 
.r::P· is calculated in the following manner. Let K = K = 6.5 x 10- , 3 e:x:p. a 
take C = 1.8 x 10- M (an average concentration, Fig. 5), and assume 
that f! = 0.50. Substituting these values into equation l6a, «1 is 
found to be 0.5622. Substitute this value in equation 17 and (t!)1 
is calculated as 0.5188. A second approximation using K = 6.5 x 104, 
~ 2 ~ C = 1.8 x 10 M and (f+)l = 0.52 gives 42 = 0.5558 and (t+) 2 = 0.5201. 
A third approximation using K = 6.5 X 10-4, c a 1.8 X 1o-3M, and 
2 a (t+) 2 = 0.5201 gives 43 = 0.5554. 
It a 1% change in JC (6.5 x 10-4 ) is assumed to give ICa.l (6.57 x 
10-4), the above procedure is then employed to approximate ex 1 values. 
a. 
Thus, a first approximation using :real = 6.57 x 10-4, C = 1.8 x 10-3M, 
and r! = 0.52 gives (aa1)1 = (f!)1 = 0.5198. A second 
approximation using ICal: 6.57 x'l0-4, C = 1.8 X 10-3M, and (f!)1 = 
0.5198 gives («a.l) 2 = 0.5575 and (f!) 2 = 0.5197. Finally, a third 
approximation using Ka.l = 6.57 x 10-4, C = 1.8 x 10-3M, and (f!) 2 • 
0.5197 gives («a.l)3 = 0.5575. (IC )1 = IC = 6.50 x 10-4 gives then exp. a 
a3 = 0.5554, third approximation. (IC ) 2 = IC i = 6.57 x 10-4 gives exp. a. 
(cxal) 3 = 0.5575, second approsimation. It is thus seen that a 1% 
change in IC will produce a 0.36% change in cxc and therefore inA-c. exp. 
Appendix IIIa 
The Effect on X: Caused 
exp. 
by a 1% Change in K1 
The relationship between X: and X_ is given by equation 18. 
exp. ~ 
X: . = exp. 
Rearranging equation 18, ~ is then given by equation 18a. 
X: 
exp. 
X: - X: 2 exp. 
(18) 
(l8a) 
Lichtin et a1. (37,38) report an estimate of x:2 = 3.40 x 10-
3 mole 1.-l 
at 0°C for mono-~-tolyld1phenylchloromethane in liquid so2. I:f' X: 
exp. 
is taken as 6.50 x lo-4, Xi is then 0.2360 and a 1% increase in 
this value would give x:1 = 0.2384 • Substituting value_s for K1 and 
x:2 into equation 18 demonstrates that a 1% difference in x:1 gives a 
0.77% difference in K , which gives a 0.28% difference in a an~. 
exp. 
AppendiX IV 
Calculation of the .Effe'ct of Ionic 
Strength on the Apparent Iso,ope Effect 
at Fixed Stoichiometric Concentration 
The degree of dissociation, ac at stoichiometric concentration 
c, is 11ot equal..IL/4 as Ostwald and .Arrhenius assumed blit is given 
(49) qy equation 22 
e e.J\.S(z) (22) 
Ao . 
where S.{z) ... (l + z + z~2 + •••), z = ~ and 
0 
+ 
82 Jt (:OT)1; 2 where D,T, and 7l are dielectric 
constant, temperature, and viscosity, respectively • 
..A-
«c = :7\:'; = 
The Shedlovsky equation (49) is 
S(z) 
cAt~ S(z) 
lC ..A_2 
exp. o 
(23) 
(24) 
where K is the dissociation constant and £+ is calculated from 
exp. -
the Deb,re-RuCkel equation. 
Equation 24 is arranged to give equation 24a. 
K 
exp. 
_tC. C£; [S(z)]2 
- . (24a.) 
Substituting the Deb,re-Ruckel equation (equation 17, Appendix III) 
for f~ in equation 24a, Kexp. is then given by equation 24b. 
2 2 13 374 ~C~S(z)J!lg]l/2 
X = Q../\..2 [S(z)] . 10- • ~ l + 15.48 (c..As(z)~ )1/ 2] 
exp. ..A .bA: -As(z)] . . o 
0 . 0 . (24b) 
Thus, iH JiD can be evaluated explicit~ from equation 25. 
. ~· exp. 
ciA~ (s(z~) 2 . (.1\, -...1\ft(z) ) 
a 
c A 2 (s(z) )2 (-Ac, - ..J0s(z)i) X 
13.374 [(C~S(z) )l/2 J 
x 10 [l + 15.48 (cAs(z)/_1...., )172] x (25) 
0 
- 13.374 . . i l/2 
x 10 ll + 15.48(o:A: S(z) /A) ] 
0 
At a stoichiometric concent~ation of 600.0 liters/mole~R and 
~D are calculated from equations 19 and 20, respectively. 
Substituting the values of Table 18 into equation 25, xRexp./KDexp. is 
found to be 1.0068 per 2.43 atoms or 1.002~ per deuterium atom. 
Table 18 
Values Used in a T,ypieal Calculation 
of iH Ji» at a Fixed Stoiehio~tric Concentration& 
exp. exp. 
JL s(a) (a.As(a)1/2 ..IL2 (s(a))2 As(a) 
H 107·9 1.1451 ·45379 1,"164 1.3113 123.6 
:D 107·7 1.1450 ·45333 1,160 1.3110 123.3 
a. 600.0 liters/mole= 1.667 x 10-3 mole 1.-1 
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The following ionization and dissociation equilibria of triphenyl-
chloromethane derivatives have been investigated by two independent 
groups of workers: 
+ (l) 
Where RCl represents the covalently bonded molecules and R+Cl- is the 
electrostatically associated species (ion pairs). The equilibrium 
constants Xi and K2 have been related (41) according to equation la, 
where the quantities in parentheses are activities. 
K = exp. = (la) 
N.N. Lichtin and his co-workers (41, 42, 43) have performed conductance 
-
measurements in liquid sulfur dioxide to study the equilibria. A.G. 
Evans and his co-worker have obtained spectrophotometric data for 
the determination of the equilibria in nitroalkanes (4, 5, 18-20), 
nitroaromatics (21), chlorinated ethanes (22), and acetic and formic 
acid (23). The latter workers concluded that the only equilibrium 
involved in most of these solvents is between the covalently bonded 
molecules and ion pairs. 
The validity of the results of Lichtin and his co-workers have 
been confirmed by the recent results of Pocker (57). The latter in-
vestigator reports the concurrent existence of triphenylmethyl chloride 
ion pairs and triphenylmethyl ions in one and the same solution of 
triphenylmethyl chloride in liquid sulfur dioxide. "This is achieved 
by employing the spectrophotometric technique in conjunction with 
the common-ion mass-law repression (56). Since spectrophotometry 
measures the free ions plus ion-aggregates rather than free ions alone, 
such measurements show that at 0° a 0.1 M solution of triphenylmethyl 
chloride in dry liquid sulfur dioxide is ionized to about 3.2,%, 0.01 M 
solution to about 7•4%, and a 0.001 M solution to about 21%. The 
addition of chloride ions in sufficient amount should suppress entire-
ly the concentration of free triphenylmethyl ions b.y a mass-law effect. 
The concentration of triphenylmethyl chloride ion-pairs should, on the 
other hand, be practically unchanged except for a general salt effect 
on Xi· When tetra-alkylammonium chlorides are added in increasing a-
mounts to a solution of triphenylmetbyl chloride in liquid sulfur 
dioxide there is a partial discharge of color ~hich reaches a limit-
ing value. This maximum color discharge depends on the concentration 
of triphenylmethyl chloride and on the temperature. It provides a 
direct measure of the concentration of free carbonium ions while the 
amount of color left provides a measure of the concentration of tri-
phenylmethyl chloride ion-pairs. The limiting amount of color dis-
charge that can be achieved in a 0.1 M solution of triphenylmethyl 
chloride at 0° is only three fifths of the original color, so that out 
of a total of 0.0032 mole of 'ionized triphenylmethyl chloride•, 
0.00192 mole is in the form of free ions while 0.00128 mole is.in the 
form of ion-pairs. Such measurements, when carried out in suffi-
ciently dilute solutions and in the absence of hydrogen chloride which 
is a strong eleotrophilic catalyst, enable one to evaluate separate-
ly the ionization constant to ion-pairs, K1 = 1.3 x 10-
2 at 0.0°, and 
the dissociation constant of the ion-pairs to free ions, X2 = 3.0 X 
10-3 at 0.0°. Using these values one calculates the composite con-
ductance constant K = 3.9 x lo-5 mole l.-1, in good agreement 
exp. 
with 4.03 x lo-5 mole l.-1, the experimentally recorded value of 
Lichtin and Bartlett (4l).tt 
Peeker's value 3.0 x 10-3 mole 1.-l for the ion-pair dissociation 
constant x2 -is also in agreement with 3.14 x 10-5 mole 1.-l calcu-
lated b.y Lichtin and Leftin (43) on the basis of an assummed Bjerrum-
-3 -1 0 type model and also With K2 = 3 x 10 mole 1. at l ±0.3 re-
ported b.y Bartlett and Weston (3) from spectrophotometric measure-
ments. 
With nitro compounds as solvents, Evans at al. report that dis-
sociation to free ions is not detectable, a result which has been 
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questioned by Lichtin and Lef'tin (43) because conductivity data demon-
strate extensive dissociation of many electrolytes in solution in 
nitromethane (48,74) and nitrobenzene (50,73) at concentrations cited 
by the former workers. 
Wright et al. (74) measured the electrical conductivity of nitro-
methane solutions of certain uni-univalent salts ranging from l x 
lo-4 M to 2 x 10-3 M at 25°. Only the tetraethylammonium salts 
'(I, ClOf CNS, N03 _and picrate) give a linear relation between.A..0 and~ over the whole range studied. These salts show maximum 
positive deviations from the theoretical slope ranging from 2-9% 
with the perchlorate showing the largest deviation. Larger positive 
deviations from the theoretical slope are observed for Lii (30o%), 
XI (73%), LiClo4 (43o%), and NaC104 (175%). Potassium perchlorate is 
too insoluble to be measured, however. Thus, these salts are highly 
dissociated in nitromethane. 
Mi~J,sr and Fuoss (48) report conductances in the range l-16 x 
10-4 M tetrabutylammonium bromide in methanol-nitromethane mixtures 
at 25°. "The salt is somewhat associated in methanol (D25 = 32.63), 
but addition of small amounts of nitromethane (D25 = 35.94) reduces 
association markedly and decreases the mobility of the ions. In 
methanol, tetrabutylammonium bromide gives a concave-down curve. 
Addition of a little nitromethane brings the curve much nearer the 
a.. The variations in behavior of different electrolytes can best be 
seen from a comparison of the experimental results With the theo-
retical behavior of an ideal electrolyte as expressed by the Debye-
Huckel-0nsager equation (53) Ao = Ao - x ...JC, where :x: is a func-
tion ·of the dielectric constant temperature, and viscosity, and 
o is tue concentration in mole/liter. Experimental curves show 
that Onsager's formula is not very accurate at finite concentra-
tions but it-gives roughly the correct slope of the curves at~· 
finite concentrations. Thus, conductance curves divide themselves 
into two distinct categories, concave-down and concave-up, With 
respect to the limiting tangent in the range of' concentrations where 
approach to this tangent is theoretically meaningful. The former 
corresponds to strong electrolytes in which ion association occurs, 
and the latter to electrolytes exhibiting negligible or undetect-
able association. Deviations from the theoretical slope are measur-
ed qy 100 (xobs. - xcalc.)/xcalc. 
limiting tangent, and from about 10 mole% nitromethan~the curves 
are concave-up, the maiimum positive departure from the tangent be-
ing around 15-20%; toward the nitromethane end of the scale, the 
curves again approach nearer to the limiting tangent; in pure nitro-
methane, the points lie on the tangent over the working range of 
concentration. These results show that Bu4NBr is somewhat associa-
ted in methanol and that addition of nitromethane prevents and event-
ually eliminates association, giving in fact conductance curves which 
resemble those of many salts in water, despite the fact that the 
dielectric constant has increased by only 1Q%. These results also 
show that specific interaction between solute and solvent must occur. 11 
Miller and Fuoss also state that solvation of anions by monomeric 
methanol in the mixtures Will account for the observed conductance 
because the effective ion size will therefore be greater in the mix-
tures than in pure methanol. 
Murra;y-Rust et al. (50) report the electrical conductivity of 
tetraethylammonium picrate and perchlorate in nitrobenzene between the 
concentrations l x 10-4M and 2 x l0-3 Mat 25°. These salts are 
strong electrolytes and their deviations from the Debye-Huckel-0nsager 
equation are 7% and 26%, respectively. 
Sadek and Fuoss (61) report that tetrabutylammonium bromide in 
nitrobenzene (D25 = 34.7) i~ only slightly associated to ion pairs (reciprocal association constant K = 0.018) in the concentration range 
1.5-6.9 x 10-4M at 25°. As carbon tetrachloride (D25 = 2.25) is 
added to the solvent, the conductance curves become steeper, thus in-
dicating increased formation of ion pairs. At carbon tetrachloride 
mole fraction equal 0.50 where n25 is 15.7, K equals 4.8 x l0-4. 
Witschonke and Kraus (73) give conductances in nitrobenzene :for 
solutions of triphe:nylmethyl bromide, chloride, :fluoride, and fluoro-
. 0 borate at 25 • Their results are presented in Table l• 
Table la 
Conductance of Some Triphenylmethyl Compounds 
in Nitrobenzene at 25° 
C X 104_1 A C X 104 _/\_ mole 1. mole 1.-l 
Triphenylmethyl- Triphenylmethyl-
fluoroborate bromide 
124·4 23.99 641·1 o.oo888 
50.21 25·93 346·4 0.01175 
38.12 26.12 167.3 0.01604 
14.07 26.39 107.3 0.01947 
36.43 0.03824 
6.095 0.1300 
Triphenylmethyl- Triphenylmethyl-
chloride fluoride 
c 
1.-1 
c 
mole mole 1.-l 
o.o2 0.015 0.05 0.02 
Although the "conductance values for these compounds are not as precise 
as might be desired, approximate values of the dissociation constants 
(Table 2) have been computed on the basis of the Ostwald dilution law". 
Dissociation Constants.of Some Triphe~lmethyl 
· Compounds in Nitrobenzene at 25 
Negative ion Br-
Constant, K x 109 5.0 22 
BF-
4 
1 X 107 
a. Taken directly from Witschonke andKraus (73). 
Witschonke and Kraus state that the bromide, chloride, and fluoride 
are all very weak electrolytes, with the fluoride somewhat the strong-
er. All three compounds are so weak that the K-values, as given, 
must be taken as rough approximations• The fluoroborate is a fairly 
strong electrolyte with a constant in the neighborhood of l x 10-2• 
Several workers (4,15,65,56) have investigated spectrophoto-
metrically solutions of triphenylchloromethane in nitromethane. A 
summary of the apparent equilibrium constants reported b.y these work-
ers is given in Table 3· Unfortunately, these data do not agree be-
cause seemingly inherent impurities in nitromethane appear to effect 
the ionization of triphenylchloromethane. 
C X 102 
mole l.-1 
0.326-7.82 
0.805-11.9 
1.07-5-41 
3.12-6.72 
1.oo-6.oo 
Table 3 
Triphenylchloromethane in 
Nitromethane 
2.88 (25°) 
44-0 (20°) 
17 ·5 (25°). 
26.8 (25°) 
K b 
2 
mole 1.-l 
X 105 
1.23 
Kc 
3 
mole 1.-1 · 
X 1010 
Reference 
Gardner (28c) 
De La Mater (l5b) 
Evans et al. (4) 
Smith&: 
Leffler (65) 
Pocker (56) 
De La Mater (l5b) reports that triphenylchloromethane in nitro-
methane participates in both ionization and dissociation equilibria. ' 
He reports equilibrium co~stants of 2.88 x 10-5 and 1.23 x 10-5 for 
ionization and dissociation, respectively. De La Mater also reports 
that ionization increases with an increase in the amount of water 
present as an impurity in nitromethane. Thus, a rigorous purifica-
tion procedure was used for the solvent, which "remains colorless and 
phosphorus pentoxide does not become gelatini~ed, indicating complete 
absence of water" (15a). Vacuum. line techniques were also utilized 
in preparing the solutions. "The ability of hydroxylic substances 
other than water to influence ionization was also recognized b,y De 
La Mater, but no steps seem to have been taken to specifically elim-
inate this potentially dangerous sourcett (28). 
Gardner (28), also recognizing the effect of formic acid on 
ionization, spent several months on the purification of nitromethane 
to remove formic acid and water. A column of silca gel was found to 
be the most .effective method to remove both formic acid and water, 
but was not utilized because the method could not be readily adapted 
to the vacuum line employed. Utilizing a procedure similar to 
De La Mater • s, Gardner determined the purity of ni tromethane by infra 
red.spectra; but "this test was inconclusive as to trace quantitiesn 
of formic acid. Thus, Gardner collected additional data under vacuum 
for triphenylchloromethane in nitromethane and found that his data 
did not support ttthe multiple ionization hypothesis of De La Mater" 
(28a). According to Gardner (28b), the process involved is RCl ~ 
R+ +·01- which "describes the variation. of (color)a with (RCl) ~ 
throughout the ~ange of (RCl) studied". Gardner thus reports 6.63 x 
1olO (Table 3) for this equilibrium and 8.86 x 1ol0 as the recalcu-
lated value of De La Mater. Gardner (28) states that the constants 
of his research are generally lower than De La Mater•s corrected 
values, although higher than his uncorrected values.· He also. states, 
a. (color) = (R+) + (n+cl-) 
"since impurities in the solvent have been shown only to cause in-
creased ionization, and since the solvent has been shown to be the 
crucial factor in reproducibility of measurements, it seems justi-
fied to conclude that the data of this research refer to ioniza-
tion in less impure ni trometha.ne than De La Mater' s 11 • 
Evans et al. (4) report 4•4 X 10-4 for the ionization of tri-
phenylchlaromethane in nitromethane at 20°. These workers prepared 
their solutions in the presence of air and seem to have been unaware 
of impurities other than water. Since a direct proportionality be-
tween (R+) concentration and total (RCl) concentration is found over 
the concentration range studied, and since any dissociation of the 
ion pair R+Cl- would cause a deviation from this direct proportion-
ality, Evans et al. concluded that the equilibrium RCl ¢ R+Cl-
exists. Thi~ is ,d~nstrated by Evans et al. by means of the data 
of Table 4 where values at 16° are given for 
: .- -- . -··-;. 
assuming no dissociation of the ion pairs, and 
(¢3c+)(cl-) 
(¢3001) 
(lb) 
(lc) 
assumming complete dissociation of the ion pairs over the concentra-
tion range studied. 
.· ... 
Table 4a 
Triphenylchloromethane in 
Nitromethane at 16° 
(ROl) -l (R+) 
-1 rs. IC mole21. g. ion 1. X 104 mJle l•-l X 10 X 105 X 109 
5·41 2.48 4-58 11.36 
3·95 1.76 4·45 7·84 
2·97 1.13 3.80 4·29 
1.07 0.41 3.83 1·57 
Evans and his co-workers (4) also report IC1 = 0.6 x 10-4 and 0.2 x 
10-4 for triphenylohloromethane in nitroethane and in 2-nitropropa.ne, 
respectively. The dielectr~c constants (72a) of nitromethane, nitro-
ethane and 2-nitropropane at 30° are 35.87, 28.06 and 25.52, respective-
ly. 
Shortly after Evans and his co-workers (19,20) published their 
final investigations of triphenylchloromethane derivatives in nitro-
alkanes, Smith and Leffler (65) reported that the optical density of 
solutions of triphenylchloromethane in nitromethane decreased with 
time, and the extrapolated optical density, from whioh the apparent 
equilibrium constant for ion-pair formation was calculated, depended 
very much on the method used for purifying the nitromethane. De La 
Mater (15) and Gardner (28) had already reported this observation. 
These authors, however, found an initial increase in the optical den-
sity which depended on the amount of formic acid and water present in 
the solvent.b 
Smith and Leffler (65) employed the method of Bentley, Evans and 
Halpern (4) for the purification of nitromethane. "Using a commercial 
sample of nitromethane dried over phosphorus pentoxide and distilled 
a. Taken directly from :Bentley, Evans and Halpern (4). 
b. These observations by De La. Mater and Gardner were never pub-
lished, however. 
(method I), the values of the equilibrium constant are in good agree-
ment with those cited" by Bentley, Evans, and Halpern (4). However, 
"some doubt is cast on the interpretation of those values by the fact· 
that ammonium chloride precipitates if the solution is allowed to 
stand for several days and that the supernatant liquid after evapora-
tion and hydrolysis gives triphenylmethane as well as triphenylcarbi-
nol". The sample of triphenylmethyl chloride was found to be free of 
triphenylmethane which "is likely the result of a reaction With formic 
acid present as an impurity in the nitromethane". Formic acid has 
a boiling pointa very close to that of nitromethane and is known to 
reduce triphenylmethyl chloride to triphenylmethane (7). 
Smith and Leffler also used a more elaborate method (65) for 
purifying nitromethane. The solvent was washed with dilute sodium 
bicarbonate,- sodium bisulfite, and sulfuric acid followed by a pre-
liminary drying over phosphorus pentoxide and distillation from phos-
phorus pentoxidea through a 19-plate bubble cap column into ampoule~ 
which were sealed while still attached to the column. They reported 
that even when the nitromethane was purified by this method and a dr,y-
box or vacuum-line technique was used in preparing the solutions, the 
drift in optical density was still observed. However, triphenylmeth-
ane was no longer detectable as a product, but the decay in optical 
density was even faster and the precipitation of ammonium chloride be-
gan in a few minutes at room temperature rather than after several 
hoUrs. T.riphenylmethyla.mine was. also a product of the reaction. 
The average value of the apparent equilibrium constant they report 
fo~ ion~pair formation in carefully purified nitromethane at 25° is 
1.75 x 10-4, about half that reported by Bentley, Evans, and Halpern 
(4), and about half that found by Smith and Leffler for the less elab-
orately purified solvent. The addition of formic acid to the solution 
a. Gardner (28) states that precise fractionations would not be ex-
pected to remove formic acid quantitatively (b.p. nitromethane 
101°, formic acid 100.5°, binary azeotrope 97°), but the acid is 
dehydrated to carbon monoxide by phosphorous pentoxide; the reac-
tion, however, is not especially fast at room temperatures. 
caused a "notable intensification of the color". 
Pocker (56) found that hydrogen chloride is instantaneously 
produced on dissolving triphenylmethyl chloride in nitromethane (Table 
5). Acid determinations were made in the following manner. "Aliquot 
portions removed from freshly prepared solutions were quenched in 
oool dr.y benzene and titrated quickly With 0.001 M and 0.005 M tri-
ethylamine in benzene, bromophenol-blue being the indicator. Some 
samples were quenched in a benzene solution of triethylamine and 
titrated with dry hydrogen chloride in ether. The results of this 
method were the same. The titratable acid was shown to be hydrogen 
Table 5a 
The Amounts of HYdrogen Chloride Present in 
Freshly Prepared Solutions of Triphenylchloromethane 
in Nitromethane at 25.00 
l03(Ph3CCl)c 120 90.0 60.0 30.0 15.0 15.0 10.0 7·5 
104(HCl)c 25·5 22.0 18.0 12.7 8.8 $1.0 7·2 6.25 
105 k b 5·52 5-51 5·57 5-66 5·49 5·74 5·58 5·67 a. 
a. Taken dire~tly from Pocker (56). 
b. k = (HCl) /(Ph CCl) 
c. C~ncentration iA mole 1.-l 
3.25 
4·0 
5.61 
chloride b.y pumping off freshly prepared solutions, isolating the va-
pour in a cold trap, and analysing it for acidity and chloride." 
Pocker (56) states that the observed constancy of k strongly 
a 
suggests that hydrogen chloride is formed .Y!! a route of the type: 
(ld) 
The nature of X has not been established by Pocker, but he suggests 
that X might be the triphenylmethyl ester of ~-nitromethane. 
Pocker (56) also reports that the addition of tetraethylammonium 
chloride completely discharges the color associated with the carbon-
ium ion, while the perchlorate has no effect (Table 6). He states 
that the observations of Evans and his co-workers cannot accommodate 
105(NEt401) 
mole 1.-l 
none 
0.75 
7·5 
75 
750 
The Effect of Added Tetra-alkylammonium Salts 
on Solutions of Triphenylchloromethane in 
Nitromethane; (Ph3C01) = 0.015 M and Contains 
8.8 x 10-4 M HCl 
1o6(Ph c+) 
3 -1 g.-ions 1. 
4·0 
3.2 
0.82 
0.02 
o.oob 
103(nt40104) 
mole 1.-1 
1 
2.5 
5-0 
1o6(Ph c+) 
3 -1 g.-ions 1. 
a. Taken directly from Packer (56). 
b. Indistinguishable experimentally at 430 mu. 
a simple equilibrium between molecules and free ions, but their 
ion-pair hypothesis cannot account for the observed chloride-ion 
effect. Packer (56), however, reports that spectrophotometric 
measurements, similar to those of Evans and his co-worker, indicate 
(Table 3) that triphenylchloromethane in nitromethane at 25.0° is 
ionized to an extent of 0.027%, independently of the concentration 
studied. 
Peeker (56) also found that nitromethane, "on very long stand-
ing in stoppered containers (for about six months) at room temperature, 
slowly disproportionates to give a white crystalline precipitate, 
identical With that obtained on leaving dry hydrogen chloride in 
* nitromethane - it is most probably hydroxylamine hydrogen dichloride • 11 
* This should read hydroxylamine hydrogen chloride or hydroxylammo-
nium bichloride (35a). The name hydroxylamine hydrogen dichloride 
is probably a typographical error in the journal. 
---- ----- ·----------- -------- -·----------. ----~~~-
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The disproportionation of nitromethane in the presence of hydro-
gen chloride at 130° to gi v~ ··carbon dioxide and ammonium chloride has 
been known for some time (58). Smith and Leffler (65) have offered 
equations 2 as a plausible explanation for the formation of impurities 
and by-products, especially in view of the observation that "formyla.-
tion of hydroxyl compounds takes place and that hydroxylamine bydro-
chloride rather than ammonium chloride is produced in the presence of 
water''. 
) 
I! - g - I - 01! l!Cl ) I! - II Q c = 0 ~ 111!3 + C02 (2) 
+ H20 
H- ~- OH 
They believe that the dec~ in the color in pure nitromethane is due 
to a similar reaction in the presence of triphenylmethyl chloride. . 
"Although paritioipation of hydrogen chloride produced by the action 
of traces of water cannot be excluded as a possibility, it is signifi-
cant that ammonium chloride is produced faster in the more carefully 
prepared and drier solutions in which hydrolysis of the triphenylmethyl 
chloride should be at a·minimum.u Smith and Leffler also believe that 
triphenylcarbcnium ions ~ themselves promote the rearrangement of 
the hydroxa.mio acid. 
Thus, the evidence of the instability of solutions of trityl 
chloride in nitromethane demonstrates the difficulties involved in the 
investigation of the equilibria of equation l in this solvent. 
It should be stated at this point that Evans and his co-workers 
(18) report the expected substituent effects on the ionization process. 
For a given alkyl group, the successive introduction of a para-alkyl 
group increased the equilibrium constant K1 of the ionization reaction 
in equation l• The results of Evans et:al. are being questioned, how-
ever, because doubt is cast on their conclusion that there is no dis-
sociation of ion pairs to free ions in solvents of relatively high 
dielectric constant. Conductance data in both nitromethane (D20 = 37.4) 
and nitrobenzene (n20 = 35.7) have been presented to demonstrate ex-
tensive dissociation of ion pairs to free ions. Likewise conductance 
and spectrophotometric data have been presented by independent workers 
to demonstrate that triphenylchloromethane derivatives exist in liquid 
sulfur dioxide (D0 = 15.6) in the form of both ion pairs and free 
ions. 
A summary of the results of Evans et al. is given in Table 7 
for solutions of tri-,E.-tolylchloromethane in the solvents studied •. 
Tri-E-tolylchloromethane is chosen because data are reported for 
it in all solvents. It is seen that the ionizing power of these 
solvents does not fall into the sequence of their dielectric constants. 
Evans, Price, and Thomas report (22) that the halogenated solvents are 
more powerful ionizing solvents than one would expect on the basis of 
their dielectric constant alonea. These authors (21) report, however, 
that in nitro-solvents the ionization increases as the dielectric con-
stant of the solvent increases but no dissociation of ion pairs to free 
ions was reported. Evans and his co-workers have reported dissociation 
to free ions in acetic and formic acid (23) and some chlorinated 
ethanes (22). 
Evans, Price, and Thomas (23) report that in the solvent formic 
acid (n16 = 58.5) at 21.5° triphenylcarbonium chloride ion pair showed 
detectable dissociation but its "extent was too small for quantita-
tive estimation". Electrostatic.ionic association in a medium of such 
high di~lectric constant would be expected to be negligible, but the 
significance of this result is somewhat obscured b,y the fact that 
a. In the solvents CCl~CH3 (D20 = 7.2) and CC12CC12 (D20 = 3.2) tri-E-tolylchlorome~hane ionizes so little ~hat no Qata was 
reported. 
Table 7a 
Tri~-Methylphenylchloromethane in 
Nitroalkanes, Nitroaromatics, Chlorinated 
Ethanes, Acetic and Formic Acid 
c b Solvent Dielectric Ionization Relative 
0 -1 Constant Constant IS. mo1e31. 20° IC X 10 1x 104 
10 - 50 OH3CHC12 10.8 1.6 (19°) 1 
5 - 20 CC13CH012 3.6 2.1 (20°) 1.3 
10 - 40 C.RC12CH2Cl 7·1 2.3 (18°) 1.4 
2 - 14 O.R2ClCH2Cl 10.4 3-3 (18°) 2.1 
2.5- 3.0. m-<!.R3c6H4No2 23.8 11.0 (19°) 6.9 
3.8 - 6.5 2-03:a:.,No2 26.6 13.3 (17°) 10.6 
25 .... 140 CHC12CHC12 · 8.2 19.0 (18°) 11.9 
0.5 - 4·0 c:a:3cooH 6.2 4.1 (21.5°) 25.6 
0.5 - 2.8 c6H5No2 29.1 38.5 (17°) 49·5 
0.025-.10 OH3No2 37.4. 1710 (16°) 336 
a. Taken from Evans, Price, and Thomas (22). 
b. Stoichiometric Concentration range of solute. 
formic acid is known (7) to reduce trityl chloride fairly rapidly at 
100°. On the other hand, the mono-~-tolyldiphenyl-, di-~tolylphenyl-, 
and tri-~-tolymethyl chlorides were so highly ionized (approximately 
lOo%) that no quantitative data for equilibrium constants could be 
obtained b,y their method. These compounds are probably in the form 
of free ions, but spectrophotometric measurements cannot distinguish 
between associated and dissociated species. It is most unlikely that 
quantitative data.could be obtained from conductance m~asurements 
because the specific conductance (1.24 x 10-4 ohm-l cm.-l at 25°) (70) 
of formic acid is too high. 
Evans and his co-workers also report dissociation of ion pairs 
in several solvents of low dielectric constant (Table 8). Thus, the 
dissociation constant of the ion-pair tri-~-tolylcarbonium chloride 
in acetic acid solution at 21.5° (n20 = 6.15) was found (23) to be 
6 x 10-8 mole fraction. The value of this constant in several 
chlorinated ethanes, 3.6~ D20 ~ 10.4, fell in the range 3 x 10-7 to 
3 x 10-6 mole fraction for the ion-pairs di-~-tolyldiphenyl- and 
tri-~-tolylcarbonium chlorides (18) •. _Thus, it is seen (Table 8) that 
ionization.and dissociation equilibria of_ triphenylchloromethane 
derivatives in these solvents do not fall into the sequence of their 
dielectric constants. 
The possibility of the acceptance of carbonium ions by the solvent, 
particularly acetic and formic acids, was considered b,y Evans, Price, 
and Thomas (23). Acetic acid is known to exist completely as the 
positive ion (CH3cooH2)+ in concentrated sulfuric acid solution (32a). 
Thus, Evans et al. anticipated the equilibria of equation 3. 
R+Cl- + CH3COOH ' (CH3COOBR}+ Cl- '- CH3COOR + HCl (.:H 
' ' They state that similar equilibria could be written for the free ions 
(R+ + Cl-). These authors report, however, that acetic acid solutions 
of RCl are found to be .completely stable immediately after they are 
prepared, and tha:!; ~ equilibria of equation 3, if they do exist, must 
be established very-rapidly. Evans et al. cite the results of Higuchi 
Table 8 · 
Equilibrium Constants for the Ionization 
of Triphenylchloromethane and Its para. -Methyl 
Substituted Derivatives in Acetic Acid (23) 
and Chlorinated Etha.nes (22) 
Substituent Solvent Dielectric 1051{ 107K 
Constant 1 mole2 
20° fraction 
unsubstituted CR2ClCR2Cl 10.4 5·6 (20°) 
CHC12CHC12 8.2 4·8 (18°) 
inono-.E,-methyl CH2ClCH2Cl 10.4 3.3 (20.5°) 
CHC12CH012 8.2 19 (19.5°) 
CH3COOH 6.2 4·9 (20.5°) 
di-.E,-methy1 CH2C10H2C1 10.4 2.7 (21.0°) 1.8 
CHC12CHCl2 8.2 43 (19-5°) 13 
CH3COOH 6.2 49 (21.5°) 
tri-.E,-methyl CH3CH012 10.8 16 (19.0°) 
CC13CHC12 3.6 21 (20.0°) 6.9 
CR012CH2Cl 7·1 23 (17.5°) 8.7 
CH2ClCH2Cl 10.4 33 (20.5°) 3.0 
OHC12CRC12 8.2 190 (17.0°) 30.0 
CR3COOR 6.2 370 (21.5°) 0.64 
and Concha (36), and Smith and Elliott (66) who have shown that 
"the ionization of hydrogen chloride in acetic acid solution is ver,y 
low and that the former is readily volatile in these solutions". 
Evans, Price, and Thomas (23) report that the solids recovered from 
the acetic acid solutions of the three chlorides studied, after the 
volatile material was completely pumped off at room temperature and 
Without further treatment, had melting points which were exactly the 
same as those of the pure chlorides. 
Evans and his co-workers (23) state that the possible acceptance 
of carbonium ion by formic acid to give (HCOOHR)+ is even more un-
likely than with acetic acid, for Hammett (32b) has presented evidence 
that, in concentrated sulfuric acid, formic acid does not accept a 
proton to any significant extent. 
The Nature of the Ion Pair 
When the ionization of triphenylchloromethane derivatives (RCl) 
is studied by measuring the carbonium-ion concentration spectrophoto-
m$trically, two poss~ble methods of obtaining the concentration of R+ 
ions in RCl solutions (in organic solvents) may be employed. The first 
method is to assume that the molar absorbancy indexa at the wavelength 
of maximum absorption is the same (for ion pairs R+Cl- or free ions 
R+ + Cl-) in the organic solvent as it is in concentrated sulfuric acid 
for)lthe same concentration of R+. The second method assumes that 
~As ~ for the R+ ion in the visible region of the spectrum is the 
same in organic solvents as it is in concentrated sulfuric acid for 
the same concentration of R+. If the spectrum of R+ or R+Cl- is sim-
ilar in shape to that in concentrated sulfuric acid, the two assumptions 
are justifiable, and the two methods should give the same results. 
Evans, Price, and Thomas (21,23) report that in nitrobenzene and acetic 
acid solutions each ionization constant, K, was determined from at least 
a. A = Snrr b c where A • absorbancy or absorbance = log10 (I /I), ~ = mOlar absorbangy indfX, b = cell path length in em. a&a o = 
concentration in mole 1.- • . 
two determinations using the second method and each resulting AF0 
value is reproducible to ± 0.1 Kcal./mole. If AF0 is calculated 
for any experiment using the first method of obtaining the R+ con-
centration, "the same value as that obtained using the second method 
is found to within 0.1 Kcal./mole11 .a 
Evans and his co-workers (24) have established, however, that the 
value ~A~ d)l for a~-cresol (n25 = 11.8) solution containing R+ ions 
is the same a.s for a concentrated sulfuric acid solution of the same R+ 
ion concentration. ~-Cresol was chosen because it is a powerfully ion-
izing solvent; in this solvent, Evans et a.l. found that the change from 
triphenylchloromethane to tripheD;rlbromometha.ne gives a. nma.rked in-
crease in absorbance for a given RCl concentration, showing incomplete 
ionization in the triphenylchloromethane solution". On the other hand, 
changing from tri-~tolylchloromethane to tri-~-tolylbromometha.ne causes 
no such increase in absorbance, and "this shows that both halides a.re 
completely ionized in these solutions". Evans et al. (24) state that 
calculation of the percentage ionization of the tri-~-tolylmethyl ha-
lides in these solutions b.y the jrA~ dJlmethod gives values of lOQ% · 
ionization within experimental error (Table 9). 
Ionization of Triphenylmethyl Halides 
in !!_-Cresol 
(RCl) -l (R+Cl-) Ionization 
. l-1 % mole 1. g.-J.on • 
1oS 105 
Triphenylchloromethane 4·91 1-75 36 ± 4 
Triphenylbromomethane 7-50 5-10 68 ± 7 
Tri-~-tolylchloromethane 0-995 1.00 100 ± 10 
Tri-~-tolylbromomethane 0.99 0.899 91 ± 10 
a. 
b. 
These limits of precision in AF0 correspond to a precision of 
10- 15% in Kr 
Taken directly from Evans, McEwan, Price, and Thomas (24). 
Evans et al. thus demonstrate that a large change in medium does not 
appreciably affect the absorption of the carbonium ion. 
Bartlett and Weston (3) report that the molar absorbancy ind~ for 
triphenylcarbonium ion is 4700 and 4800 at 470 ~· in liquid sulfur 
dioxide (1 ± 0.3°) and sulfuric acid, respectively. Beer•s law is 
obeyed over the concentration range 0.3-3 x 10-4 M and the spectra are 
the same in both solvents •. The~ value in liquid sulfur dioxide is 
obtained from solutions of triphenylmethyl perchlorate. Conductivity 
experiments have shown that triarylmethyl perchlorates (44,75) behave 
as strong electrolyt.es in liquid sulfur dioxide whereas the chlorides 
(41-431 74) are not so strong and exist in solution according to equa-
tion.l. 
Robinson and Stokes (59a) discuss a spectrophotometric method for 
collecting evidence for ion association. The method is based on the 
assumption that 11if the solute exists in two forms, one of whi.c;h absorbs 
at a wavelength well separated from the absorption spectrum of the other 
form, then it is an easy matter to use the optical density at each wave-
1ength to measure the relative amounts of each species". These authors 
state that in some systems the separation of the b.a.nds m~ not be so 
sharp; for example, lead perchlorate absorbs strongly at 208 ~P· due to 
the lead ion but in lead chloride solutions there is a second maximum at 
238 mp. although usuaily the two bands are merged into one. Spectro-
photometric evidence (59a) indicates that the species formed at the 
second wavelength is PbCl+. Robinson and Stokes refer to PbCl+ as 
a complex formed by ion association. F.or complex ions of the Pb2C 
(01, Br, I) type, Orgel (54) reports that their formations involve 
charge-transfer of an electron, i.e., intermolecular or interionic 
transfer of an electron to the cation from the halide or vice versa. 
Nevertheless, the term ion association (ion pair) referred to in this 
dissertation is based ori Coulomb's law which refers to pairing due to 
purely electrostatic interaction of ions (6,59). In this case, the 
spectra of free ions are assumed not to be affected by ion pairs 
(a fact which has been demonstrated by Evans at al. (24) for the com-
pounds discussed and studied in this dissertation. Electrostatic ionic 
association is, however, dependent on the dielectric constant of 
the solvent (59), i.e., in a medium of high dielectric constant 
· (D ;>30) ion pair formation .would be expected to be negligible. 
Statement of the Problem 
The spectrophotometric results on ion-pair dissociation re-
ported b,y Evans and others are inconsistent with the theor,r of elec-
trostatic ionic association (6,35) and conductance data in solvents 
of high dielectric constant, e.g. nitromethane and nitrobenzene. The 
work described in this dissertation was, accordingly, undertaken to 
reinvestigate spectrophotometrically and conductometrically the equi-
libria of equation 1 in nitrobenzene. 
Conductivity measurements distinguish between free ions and 
uncharged species, whether the latter be ion pairs or covalently 
bonded molecules. Spectrophotometric measurements distinguish between 
free ions and ion pairs on the one hand, and covalent molecules on 
the other. 
The Approach to the Problem 
The initial step in this work was the development of a technique 
to obtain both spectrophotometric and conductance measurements on the 
same solution at various concentrations and under vacuum. 
Nitrobenzene was chosen as the solvent because of its relatively 
high dielectric constant (D25 = 34.5) and its expected chemical inert-
ness towards the solute. Cryoscopic and spectrophotometric evidence 
has been reported ~ Brand, HOrning, and Thornley (9) that in 99.9% 
sulfuric acid, nitrobenzene does not accept a proton to any signifi-
cant extent. Thus, the possible acceptance of a carbonium ion (R+) 
qy nitrobenzene is even more unlikely than of a proton. Evidence is 
reported (p. 108) in this work that excludes the interaction of car-
bonium ions with solvent. The solid recovered from a nitrobenzene 
solution of di~t-butyltriphenylchloromethane, after the solvent was 
completely pumped off at room temperature and without further treat-
ment of the solid, was identical With an authentic sample of the chlo-
ride. 
Several months were spent on the purification of nitrobenzene. 
A purification procedure similar to that described by T~lor and Kraus 
(58) was finally adapted for this work. Other procedures reported 
in the literature for purif,ying nitrobenzene were attempted, how-
ever. These procedures are described and discussed in the experi-
mental section, (pp. l30-13J• 
The solutes studied in nitrobenzene are triphenylchloromethane 
and its mono~-methyl, tri~t-butyl, and tri-~-metho~ derivatives. 
Discussion of Experimental 
Calculation of Free plus Associated Ions Concentration 
Conductivity measurements distinguish between free ions and 
uncharged species, whether the latter be ion pairs or covalently 
bonded molecules. The spectrophotometric measurements, however, 
distinguish between free ions and ion pairs on the one hand, and co-
valent molecules on the other. This follows from the fact that the 
formation of ion pairs does not change appreciably the spectra of the 
participating ions (241 32,40).a One m~ assume, therefore, that the 
molar absorbancy index of a triaryl carbonium chloride ion pair is the 
same as that of a free triaryloarbonium ion, so that A = ~ b 
+ + . s [(R ) + (R Cl-}]; where ~ = a.bsorbanoy = log10 (I0 /I); El:M: = molar 
absorbancy index = As/be, b = cell path length in em. and c = con-
centration in mole/liter. 
The procedure (4,21,24) for calculating the carbonium ion con-
centration in organic solvents is to use the molar absorbancy index 
as determined from the corresponding carbinol in 98~ sulfuric acid. 
For the carbinol in 98~ sulfUric acid we assume that the following re-
action goes to completion: 
ROR + 2R2so4 ' ....._ R+ + n3o+ + 2BS04-. (4) 
The completeness of reaction 4 has been established b.y Rantzsch (34) 
and Hammett and Deyrup (33) when R is triphenylmet~l, and ey Newman 
and Deno (51) when R is tri~-tolylmet~l. The spectra of the car-
binols in 98~ sulfuric acid are very similar to those of the corre-
sponding chlorides in nitrobenzene except in the region (420-440 mp.) of 
strong absorption by the latter solvent; this demonstrates the presence 
of the R+ ion in nitrobenzene solutions of RCl. Thus, the molar ab-
sorbaney index, ~' atAma:x: of R+ or R+Cl- is assumed to be the same 
a. This has been discussed on PP• 95- 97• 
in nitrobenzene as in 98% sulfuric acid.a The shape of the absorption 
spectrum obtained for tri~-t-butylphenylcarbinol in 98% sulfuric acid 
is similar to that of tri-~-t-butylphenylchloromethane in nitrobenzene 
(Figure 1). The peak at 420 m~. is due to nitrobenzene. On the basis 
of the completeness of reaction 3, the sulfuric acid solution contain-
ing 3.49 x 10-6 M of tri-~-t-butylphenylcarbinol has a concentration 
of tri-~-t-butylphenylcarbonium ions of 3.49 x l0-6g.-ion 1.-1 • The 
nitrobenzene solution containing 1.63 x 10-3 M of tri-~t-butylphenyl­
ohloromethane has a concentration of 3.05 x 10-6g.-ion 1. -l b of tri-
£-t-butylphenylcarbonium ions. If the. value of ~ (8.31 x 104 at 458 
m¥.) in concentrated sulfuric reported b,y Deno et al. (16) is employed, 
the concentration of tri-~-t-butylphenylcarbonium ions is 3.43 x 10-6 
-1 . g.-ion 1. • 
The value of ~ for trianisyl carbonium ion at its wavelength of 
maximum absorption in nitrobenzene was found b,y adding an excess of 
mercuric chloride to solutions of the organic halide (13). The reasons 
for using this procedure are discussed in the section on spectra and 
molar absorbancy indexes of carbonium ions. Figure 2 shows the spectra 
of tri-~-anisylchloromethane in nitrobenzene (curve B) and in nitro-
benzene in the presence of mercuric chloride (curve A, 5 moles BgC12 
per. mole of RCl.) These spectra are a qualitative representation of 
the chloride in the two solutions as measured on the Beckman DK. 
Quantitative data for these solutions are given in Tables 29 (p. 148) 
and 33 (p.l52) as measured with the P & I spectrophotometer. 
Calculation of Free Ion Concentration 
a. 
b • 
• 
The comparison of optical and conductance measurements was made at 
Evidence and arguments supporting the independence of ~ on sol-
vent are presented on PP• 95- 97• 
The Beckman DK was not operated under conditions for obtaining 
quantitative measurements, i.e. making the necessary calibrations. 
Thus calculation of ~K (9.3 x 104 at 460 mF., Fig. l) for the car-
bani~ ion in 98% sulruric acid is not accurate and gives 3.05 
x 10- g.-ion 1.-1 of carbonium ion in nitrobenzene. 
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Nitropenzene and in the Presence of 5 Moles 
of agc12 per Male of RCl. 
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such low concentrations that the equation, J\, = 103 k/Ci where .J\..
0 
= 
limiting equivalent conductance, k = specific conductance of solute, 
and C. = concentration of free ions in mole/liter, could be used to l. 
estimate C .• l. •. 
The limiting equivalent conductance,/l0 , and the equilibrium con-
stant, K , of tri-~-anisylchloromethane were calculated by apply-exp. 
ing Shedlovsky's procedure (64) to the conductance data of Table 30. 
Values of dielectric constant (0.01839) and viscosity (34.69) were 
those reported b.1 Fuoss and Hirsch (27}. The limiting conductance, 
-ll0,. for tri-~t-butylphenylchloromethane was estimated from con-
ductance data reported qy Witschonke and Kraus (73). These author's 
data for triphenylmethyl compounds are presented in Table 1 and 2 p. 82. 
They report K = 5 x 10-9, the dissociation constant, and~= .015 for 
a .02 M solution of triphenylchloromethane in nitrobenzene at 25°. 
The relationship between 4 and K is taken as K :;a.2c. The limiting 
conductance (30 em. 2 equiv. -l ohm -l) for triphenylch.lorometha.ne is 
thus estimated from A
0 
= .A-f« • The limiting conductance of a 1:1 
electrolyte is dependent on the mobility of the ions in a particular 
solvent (26). Substituents effects hav.e b~en found to show little 
effect on the mobility of the ions in iiquid sulfur dioxide (41,75) 
and nitrobenzene (73). The limiting conductance reported in this work 
for tri...;~-anisylchloromethane is 31 cm. 2 equiv.-1 ohm-l compared to 
30 cm. 2 equiv.-1 ohm-l for triphenylchloromethane (73). The value~ 
0 2 
for tri-~-t-butylphenylchloromethane is thus assumed to be about 30 em. 
-1 -1 equiv. ohm • 
Comparison of Free Ions and Associated Ions 
Triphenylchloromethane 
No significant spectrophotometric data could be obtained with 
solutions of unsubstituted triphenylchloromethane in nitrobenzene be-
cause· ·the solvent absorbs strongly in the region 420-440 mp.. and ob-
scur.es the carbonium ion spectrum GA,ma.x = 433 mp..). Conductance data 
indicate a very low degree of dissociation. The conductance of the 
chloride in a .003 M solution was 1.27 x lo-7 mho/em. and this value 
increased b.1 a factor of 2.0 in 12 days. The solvent conductance was 
2.30 :x: 10-8 mho/ em. and remained unchanged· during the same interval 
of time. The absorbancy of this solution at 433 mu. was 0.445 and 
increased by a factor of 1.2 in 12 days. Witschonke and Kraus (73) 
report 3.0 :x: 10-~ mho/om. for the conductance of the solute in a .02 M 
solution. The conductance of their solvent was in the range of 10-lO 
mho -1 em. • 
MOno-~-tolyldiphenylchloromethane 
The data for the mono-~-tolyldiphenylchloromethane are given 
in Table 31 (p. 150). The concentration of carbonium ion was too small 
to measure accurately at stoichiometric concentration in the range 
0.0007 M to .015 M. The conductivity of the solute in .015 M solution 
was 1.05 x 10-7 mho cm.-l and the absorbancy, A , at). (462 mn. s max r 
Table 31, P• 150) was 0.04. As was observed to treble in 25 hours. 
Evans, Price, and Thomas (21) report As = 1.21 for a .088 M solution 
of this compound at 16.5° in what appears to have been a 1 om. cell; 
they report also that the solution is 2.7 :x: 10-5 M in carbonium ions. 
If the absorbance (.04) of the .015 M solution reported above is 
seriously considered, the concentration of carbonium ions is 6.3 :x: 
10-7 M. The concentration of carbonium ions reported b.1 Evans et al. 
is thus larger by a factor of 43 whereas the stoichiometric concen-
trations differ b.1 a factor of only 5·9· This large difference in 
ionization may be caused by traces of water which could have been ab-
sorbed in the solutions during their preparation and measurement in 
the spectrophotometer. It must be emphasized that Evans et al. made 
no attempts to exclude moisture from their solution whereas solutions 
in this work were prepared and maintained under vacuum until all 
measurements were completed. A trace of water may initially catalyze 
the ionization of the chloride according to equation 5: 
RCl + HOH 
RCl + HCl 
ROH HCl 
R+ + 01:- .... HCl 
(5) 
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Herbrandson et al. (35a) report that hydrogen chloride alone is un-
ionized in nitrobenzene.a Evans et al. report no increase or de-
crease in optical density with time for any compounds in nitrobenzene; 
they also do not report that any attempts were made to recover the 
chloride from the solution after optical measurements. The fact that 
the absorbancy (.04) of the .015 M solution was observed to treble in 
25 hours whereas the conductance of the solute increased by a factor 
of only 1.2 suggests that a slow ionization proce~s, followed b,r dis-
sociation, is involved. On the other hand, the slow process might be 
desorption of water from the glass of the optical cell. 
Tri-~-t-butylphenylchloromethane 
Solutions of tri-~-t-butylphenylchloromethane were investi-
gated in an attempt to obtain solutions of higher conductivity and 
absorbancy. More significant data were obtained, but work with this 
solute was limited because of its extremely slow rate of dissolution. 
Dissolution of enough solute to provide a. 6.2 x 10-4 M solution required 
standing for six days at 25° (Table 32, p. 151). This solution possess-
ed a conductivity of 7.5 X 10-8 mho cm.-l and an absorbancy of 0.204 
at;lmax (469 mu., Table 32; P• 151). The corresponding values for 
a 2.3 x 10-4M solution were 5·9 x 10-8 mho cm.-l and 0.163. These 
data can yield crude estimates of the concentration of free ions and 
the sum of free plus paired ions. Thus, if~ is assumedb to be 
0 
30 (73) and ~is taken° (13) as 8.31 x 104, the free ion and total 
ion concentration are both 2.5 x 10-6 M at a stoichiometric concentra-
tion of 6.2 x 10-4 M. The corresponding figures for the 2.3 x 10-4 M 
a. The equilibrium constant in nitrobenzene at 24.96 + .03° for the 
formation of the bichloride ion Cl- + HCl-~ HcY-2 has been 
calculated to be 5 x 102 (m./1)-1 (35a). ~ 
b. See page 103. 
c. Since the chloride was found to be insoluble in nitrobenzene, 
no experiment was performed to determine ~ in sulfuric acid. 
solution are 2.0 x 10-6 M for both the free ions and free plus paired 
ions. These approximate results provide no evidence for ionization 
without dissociation. A crude comparison of the equilibrium constants 
in Table 10, calculated from the concentration of these solutions, 
suggests that the equilibrium constant is proportional to the ~­
centration of ions sguared rather than a direct proportionality be-
tween ion pair concentration and total halide concentration as reported 
by Evans et al. 
Table 10 
Equilibrium Constants for 
Tri-~-t-butylphenylchloromethane in 
Nitrobenzene at 25° 
(R+) -1 K~b -1 
mo1e61. m~1e81. X 10 X 10 
a. Stoichiom~tric concentration of solute 
b. K3 = (R+) /(RCl) 
c. K1 -= (R+Cl-)/(RCl). d. Xi is calculated by taking (R+Cl-) = (R+) as measured. 
The fact that the conductance and absorbancy of solutions of 
tri-~t-butylphenylchloromethane increased very slowly until complete 
dissolution of the solute suggests that a slow ionization process, 
followed by dissociation, is involved. The ionization process is 
probably affected b,y the ability of nitrobenzene to solvate the ions 
and shift the process in the direction of producing more ions in 
solution. 
Tri~-anisylchloromethane 
More conclusive results were obtained with solutions of 
tri-~-anisylchloromethane. Table 33 (p.l52) presents some of the con-
ductivity data for this solute. The conductivity of these solutions 
did not change over a period of twenty-four hours, and optical measure-
mente at the concentrations of Table 30 showed that the compound was 
extensively ionizeda. 
The limiting equivalent conductanoe,~0 , and the equilibrium 
constant, Kex , calculated from the data of Table 30 are 31 ± 3 cm.2 
equiv.-l ohm-~·and (4.2 ± 1) x 10-5 mole/liter, where the uncertain-
ties are calculated with 5o% confidence limits. These values were 
calculated qy applying Shedlovsky's method to data for which the 
solvent contributed less than 3% of the total specific conductance. 
Graph V (p. 157 ) shows the Shedlovsky plot of the data. The values of 
~for tri~anisylcarbonium ion at~max in nitrobenzene was found 
to be (10.4 ± 0.8) x 104 at 498 mu. This value was determined b.1 
adding an excess of mercuric chloride to solutions of the organic 
halide (13). This procedure was employed because the chloride or 
carbinol in sulfuric acid gave a value (7.43 x 104 at 500 mu.)b 
lower than that reported in the literature (10.5 x 104 at 483 mu.) 
(16), and the solutions in H2so4 were unstable, e.g., the optical den-
sity decreased qy 2o% in 24 hours (Table 27, p.l46 ). It was assumed 
that these anomalies are due to interaction of H2so4 with the substi-
tuent on the ring. 
Conductance and optical data in the concentration range of 0.37-
1.7 3 x 10-5 M are gi van in Table 33 (p. 152). At the very low solute 
concentrations of Table 33 differences between free ion concentration 
measured qy conductivity and total ion concentration measured by spectro-
photometry are within experimental error. This result is in disagree-
ment with that of Evans, Price, and Thomas (21) who report no dissocia-
tion of ion pairs to free ions in nitrobenzene. 
a. Optical measurements were made b,y opening the evacuated optical 
cell and making the proper dilution to obtain a measurable reading. 
It must be emphasized, however, that all data in Tables 30 and 33 
were obtained under vacuum. 
b. With~= 7.43 x 104 the concentrations of carbonium ion appeared 
to be greater than the stoichiometric concentrations of organic 
chloride given in Table 33. 
Three of the four absorbanc,r measurements for tri-~-anisylchloro­
methane in nitrobenzene (Table 33, P• 152) are extrapolated to zero 
time from Graphs I-!V. These values were extrapolated because the 
absorbancy decreased (4-11%) for 60-90 minutes after the absorption 
cell was sealed off from the conductivity cell. No change in conduc-
tance was observed, however, in any experiment. The decrease in ab-
sorbanc.y is attributed to hydrolysis, which is the result of a very 
minute quantity of water produced from the walls of the glass during 
the sealing-off process. These solutions were prepared in a 512 ml. 
volumetric flask (p. 128a) and were approximately 20 hours olda b~fore 
they were poured under vacuum into the conductivity cell (46.00 ml.) 
and absorption cell (1.5 ml.). Adsorption of R+ on the glass is thus 
excluded as a possible cause for a decrease in absorbancy with time. 
A minute quantity of water produced from the glass during the sealing-
off process (absorption cell) could more easily effect the absorbancy 
of the carbonium ions in 1.5 ml. of solution than the conductivity in 
46.00 ml. of solution, however. 
Interaction of Carbonium Ion with Nitrobenzene 
The formation of (C6R5No2R)+ solv. (21) by the interaction of R+ 
With nitrobenzene is discarded. If nitrobenzene accepts the R* ion, 
the spectrum of this ion wouid be very different from that of the R+ 
ion produced from ROR in concentrated sulfuric acid, bUt no differences 
in shapes of the spectra for the carbonium ions in sulfuric acid and 
nitrobenzene were observed for a period of at least 24 hrs. 
An attempt was made to recover tri~methoxyphenylchloromethane 
from solution, but after the evaporation of nitrobenzene a gummy 
solid remained. No melting point was taken because the nitrobenzene 
was not completely removed. The solid in concentrated sulfuric acid 
gave a spectrum which was identical With that of the pure carbinol 
or chloride in concentrated sulfuric acid, however. 
A solution of di-~t-butylphenylchloromethane (1.8 x 10-4 M) 
a. The time required to distill the first to the last drop of solvent 
into the flask. 
in nitrobenzene was prepared on the vacuum line. This solution was 
then removed under vacuum and allowed to stand for a day. Afterwards, 
the solution was transferred to a dried flask, and the nitrobenzene 
0 . 
evaporated at room temperature (29 ) and at .02~ mm. pressure for 
24 hours. The white solid recovered melted at ~6-160° (yellow melt), 
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a So:~O mixture of recovered material and pure di-~-t-butylphenylcbloro­
methane melted at 158-161° (yellow melt), and the pure chloride melted 
at 162 ... 163.5° (clear melt). These melting points were taken simultaneously 
and are uncorrected. Lichtin and Bartlett (41) report 164.1-164.6° and 
Marvel et al. (46) report 162-i63°. 
The infra red spectra for solid films of the recovered material 
and pure chloride were identical except for two peaks at ~28 em • .,..l 
(very weak) and 13~3 em. -l (very weak). A liquid film of purified 
nitrobenzene also gave two peaks at ~28 em. "'1 (very strong) and 
1353 em .. =l (very strong) • Randle and Whiff en ( ~8a) report peaks at 
~34 em .. -l (very strong) and 13~3 cm .... 1 (very strong) for nitroben-
zene (liquid film). The visible spectrum of the recovered material 
in carbon tetrachloride showed strong absorption in the region 360-
440 mu., indicating the presence of nitrobenzene. 
The above evidence thus demonstrates that the chloride is recover-
ed from the solution unaltered except for a trace of nitrobenzene which is 
occluded in the crystals. 
Conclusions and Suggestions for Future ~ork 
It is concluded from the work reported in this dissertation that 
ionization with complete dissociation occurs in nitrobenzene for tri-~­
t-butylphenylchloromethane and for tri"~-anisylchloromethane. Triphenyl-
chloromethane and its mono-~-methyl derivative are measurably ionized at 
stoichiometric concentrations in the range 0.0007M to O.Ol5M, but the de-
gree of ionization is too small to determine with any accuracy. These 
conclusions are in direct disagreement with the spectrophotometric data of 
Evans and his associates (21). 
Since impurities (H2 0, HCOOH) in the solvent nitromethane (1~,28) 
have shown only to cause increased ionization, and since Evans and his 
co-workers took no precautions to protect their solutions from the 
atmosphere during preparations and spectrophotometric measurements, 
it seems justified to conclude that the spectrophotometric and con-
ductivity data presented in this research under vacuum are much more 
reliable than Evans' data (21). 
An interesting comparison between the ionizing power of nitro-
benzene (D25 = 34.5) and sulfur dioxide (D0 = 15.4) can also be made. 
Ziegler and Wollshitt (75) report that mono-, di-, and tri-~-methyl 
and ~-methoxy derivatives of triphenylmethyl perchlorate are all strong 
electrolytes which differ in conductance only because of the different 
mobilities of the organic cations in liquid sulfur dioxide. Dilthey 
and Alfusz (17) found that ~-methoxy derivatives of triphenylmetbyl 
perchlorate form orange crystals. 
strongly colored in the crystal. 
Triphenylfluoroborate is also 
Erika et al. (30a) have shown that 
the crystals of triphenylmethyl perchlorate are composed of triphenyl-
carbonium ions and perchlorate ions. From the data (Table 2, P• 82) 
of Witschonke and Kraus (73) it can be estimated that x2 (equation l) 
is of the order of 10-2 mole 1.-1• The value of~ for tri~-anisyl­
chloromethane is about 4 x 10-3• The value of~ for this solute in 
liquid so2 at 0°, calculated from p = -4.41 (43), X!= 1.5 X 10-2 
for triphenylchloromethanea (43) and cf+ = -0.764 for ~ methoxyb (11), 
is 2 x 108 • The 5 x 1010 fold difference demonstrates that sulfur 
dioxide is a. better ttionizing solvent 11 than nitrobenzene. The relative 
abilities of nitrobenzene and liquid sulfur dioxide to promote the 
dissociation of ion pairs are related, however, in a qualitative fash-
ion to their dielectric constants (Table ll). 
a.. This value is in excellent agreement with Pocker•s, 1.3 x lo-2 
(p. ~9). 
b. c(+ is employed because it is obtained from the solvolysis of 
substituted phenyldimetbylcarbinyl chlorides in 9o% acetone where 
the carbonium ion formed is similar to that produced in the ion-
ization of triphenylchloromethane derivatives. Hammett's c{ 
-values are obtained from the ionization constants of substituted 
benzoic acids. 
Table 11 
Comparison of Dissociation Constants of Some Electrolytes 
in Nitrobenzene at 25° 
and 
in Liquid Sulfur Dioxide at 0.16° 
Solute 
(CR3) 4NBF4 
(C2R5)4NBr 
(c2R5)4NC1 
(c4B:9)4NBr 
Solvent 
sulfur dioxide 
sulfur dioxide 
nitrobenzene 
nitrobenzene 
K Ref. 
exp. -1 
mo1e31. X 10 
0.79 44 
2-14 44 
12.5 73 
16.2 73 
Since spectrophotometric measurements cannot be used directly to 
distinguish between free ions and associated species, future work of 
the kind reported in this dissertation should lead to an investigation 
of the behavior of triarylchloromethanes in the chlorinated ethanes 
(3.6.Z D20 .Z:.1o.8). Evans, Price, and Thomas (22) report (Table 8) 
ionization and dissociation of the di- and tri~-methyl derivatives of 
triphenylchloromethane in ethylene dichloride (D20=10.36), 1,1,2 
trichloroethane (D20 = 7.52), acetylene tetrachloride (D20 = 8.20), 
and pentachloroethane (D20 = 3.73), but that the chlorides ionize 
without dissociating in ethylene dichloride (D20 = 10.8). Although 
extensive ion pairing is to be expected in these solvents, conductance 
and spectrophotometric measurements under vacuum are necessary to 
demonstrate the existence or non-existence of free ions. The specific 
conductances of these solvents are at least 3 x 10-lO mho/em. or 
less (72). 
Experimental 
Apparatus 
The conductivity bridge employed in this work was the same as that 
used b.y Glazer (29) and later modified b.y Leftin (39); it is adequate-
ly described by these author~. 
a Spectrophotometer 
A Process and Instruments Model MOS #2 Manual Spectrophotometer 
was employed. This instrument consists of a Beclcman DU quartz prism 
monochromator of operating range 200 - 3000 mu. The light sources 
covering the operating range of the monochromator are completely line-
operated (110 volt - 60 cycle). The completely line-operated elec-
tronic detector and ratio measuring system cons.ist of (l) a photomulti-
plier detector and a lead sulfide detector, providing high resolution 
over the operating range (2) automatic sWitching of the monochromatic 
beam alternately from the sample to the reference to give a double 
beam and a manual instrument of high stabilityb and (3) a sensitive 
and stable ratio-readout system, permitting easy reading to 0.1% 
transmittance on either of two ranges: 0-lOQ% transmittance or 0-lo% 
transmittance. 
The cell compartment of the spectrophotometer is conetructed 
with an outer jacket for the circulation of a liquid around the cell 
chamber. On one side of the outer jacket is a thermometer well large 
enough to contain the mercury bulb of an ordinary Beckman differential 
thermometer. The cylindrical cover for the cell compartment is approx-
imately 5 1/8 inches in length and is jacketed for the circulation of 
a liquid. The cover is also provided With a hole in the top whereb.y 
a Beckman thermometer can be inserted into the thermometer well. 
a. The operating procedures are given in the P&I instruction manual. 
b. This instrument was built to eliminate errors due to a fluctuat-
ing source. 
Thermostats 
The temperature in the cell compartment was controlled b.f circu-
lating a thermostated mixture (50:50) of permanent anti-freezea and 
water around the cell chamber and through the inner jacket of the 
cover. The source of the thermostated mixture was maintained at a 
temperature of 25.0 + 0.05. This mixture was circulated b.y an Eastern 
Industries Model D-6 circulating pump. The temperature of the cell 
chamber cycled over approximately 0.2° (total range) in routine use. 
Conductance measurements were made in a kerosene-filled thermo-
stat. A heater, stirrer, Beckman thermometer, and thermoregulator 
were immersed in the kerosene bath. The temperature was controlled 
b.y regulating the thermostat with a Thermocap (Niagara Electron 
Laboratories, "Lab" model) relay activated by a mercury-filled capil-
lar.y (l mm. i.d.) attached to a 25-ml. bulb filled with toluene. 
The sensing clip of the relay was mounted on a screw which made it 
possible to set the temperature very easily. The temperature of the 
bath cycled over approximately 0.1° (total ~ange) in routine use. 
Requirements of Cells 
The requirements for conductance cells used in dilute non-aqueous 
systems are discussed in detail b.y Nichol and Fuoss (52). The main 
requirements considered in the design of the cells employed in this 
work are given below. 
ttin order to obtain conductance data on non-aqueous systems which 
are useful for extrapolation, it is necessar.y to work at quite low 
concentrations. Thus two experimental consequences follow; resis-
tances well over 10,000 ohms frequently must be measured, and bright 
platinum electrodes must be used to minimize difficulties due to ad-
sorption (12) of solute on the electrodes. These are the conditions 
under which errors due to polarization and to parasitic currents are 
most likely to occur. To eliminate the difficulties arising from the 
Parker effect (55), it has been recommended (63,38) that cells be con-
a. Obtained from Olin Mathieson Chemical Corporation under the trade 
name 11Pyro .Anti-Freeze11 containing ethylene glycol. 
structed in such a w~ that no shunt circuits which contain capacity 
in series with the cell contents be present. This goal is readily 
achieved b,y spacing the leads relatively far from the cell when the 
cell impedance is low." 
Design of Cells 
Figure 3 is a schematic diagram of the cells constructeda 
according to the above specifications. In this figure the letters 
have the following significance. 
A. - Gold solder 
B. - Pure platinum stirrup 
C. - Tungsten wire, extending thru Canary glass, sealed to 
pure platinum stirrup (B). 
D. - Canary glass 
E. - Spot weld 
F. - Nickel wire 
GI. - Pure platinum cylindrical electrode 
G0 • - Pure platinum cylindrical electrode 
H. - Pyrex glass dimple 
I. - Extension for optical cell - 8 mm. bore 
J. - Sample entrance - 8 mm. bore 
K. - Solvent entrance - 8 mm. bore 
L. Glass tube 
M. Graduated tubing 
N. Electrode bulb (35-45 ml.) 
With the exception of the electrodes in cell #1, all electrodes 
were purohasedb in the form of pure platinum cylinders. The cylindri-
cal electrodes in cell #1 were shaped b,y rolling sheet platinum around 
glass tubing of suitable diameters as mandrels and then soldering the 
seams with pure gold. 0 The outer and inner electrodes of cell #l were 
made from platinum sheets; 4.71 em. x 3.00 om. x 0.010" and 3.15 om. 
x 3.00 om. x 0.010", respectively. The stirrups of cell #1 were 
a. The cells were built of Pyrex by Ryan, Velluto and Anderson, 
Cambridge, Massachusetts. 
b. All the platinum was purchased from J. Bishop & Co., Platinum 
Works, Malvern, Pa. 
c. These electrodes were shaped and soldered b.y Ryan, Velluto, and 
Anderson, Cambridge, Massachusetts. 
J 
25-28 
em. 
~----------------------13-14em.--------~----------~~ 
Conduotivi!f Cell 
Figure 3 
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fabricated from two strips of pure platinum (1/211 x 1 1/411 x 0.010"). 
The stirrups for the other three cells were made from two strips of 
pure platinum (1/2'1 x 1 1/ 4" x 0.005 11 ); the cylinders were made of 5 
mil (0.005 11 ) platinum. Five mil platinum was found to be sufficiently 
sturdy and it is substantially cheaper. 
Inner electrode GI was supported and held in position by closely 
fitted glass tube L of the same approximate diameter as GI. The outer 
electrode G0 was supported b,y the broad base of glass tube L, and was 
held in position b,y glass dimple Hand stirrups B. 
In no cases were the inner and outer electrodes directly centered 
with precision. The selected electrode dimensions depended on the cell 
constant desired. The latter (52) is approximately equal to (1/2 1T L) 
ln R~R1 , where L is the length of the cylinders and R2 and R1 are the 
radii of the outer and inner electrodes, respectively. Nichol and 
Fuoss (52) recommended that the diameter of the inner electrode should 
not be less than 1 em., or an unsatisfactory dependence of resistance 
on frequency will be obtained when resistance is plotted against the 
reciprocal of the square root of frequency. 
The electrodes were not platinized. Their dimensions are given 
in Table 12. 
Table 12 
Dimensions of Cylindrical Electrodes 
I 
Cell Radii Length Thickness Cell Constant 
em. em. in. cm.-1 
R2 Rl Calc. a Measured 
1 0.75 0.50 3.00 0.010 0.0215 .02261 
2 0.70 0.50 5.00 0.005 0.0107 .009752 
3 0-75 0.50 3.00 0.005 0.0215 .01798 
4 0-75 0.50 3.00 0.005 0.0215 .01832 
a. Calculated cell constant = (2.303/21rL)log R2/R1• 
Determination of Cell Constant 
Four cells were used whose cell constants were determined b,y 
comparison with a fifth- cell which was standardized with 0.1 demala 
potassium chloride as described b.y Jones and Bradshaw (37). For 
intercomparing the cells, solutions (10-5 M) of tetrabutylammonium 
tetraphenylborate in acetone proved convenient and satisfactory. No 
attempt was made to determine accurately the solution concentrations 
since only approximate values were needed in comparing the behavior of 
different cells. 
Tetrabutylammonium tetraphenylborate was prepared as described b.y 
Accascina et al. (1). A 2.% aqueous solution (200 ml.) of tetra-n-butyl-
ammonium iodide (Eastman) and a 2.% aqueous solution (200 ml.) of sodium 
tetraphenylborate (Baker) were prepared. The tetra-n-butylammonium 
iodide was filtered before adding it slowly to the solution of sodium 
tetraphenylborate. A white precipitate separated immediately. The 
white solid was filtered and washed several times with distilled water. 
The tetrabutylammonium tetraphenylborate (1.93 g.) was dried in a 
desiccator overnight at 0.025 mm. A portion of the product was re-
crystallized twice from·a 1:3 water-acetone mixture (200 ml./g.) and 
was finally dried for 2 days at 80°C. at 0.025 mm.; m.p. 229-231° 
(corrected). Lit. 229-231° (14). 
The acetone used for preparing the solutions was Merck's or 
Baker's reagent grade. Appropriate quantities of this solvent were 
taken-directly from the bottle. 
Resistance measurements were carried out in an ice bath at 0.00° 
~ 0.01 b.y adding enough tetrabutylammonium tetraphenylborate solution 
to fill the electrode bulb and allowing the solution to attain tempera-
ture equilibrium. This procedure was repeated until three constant 
readings of resistance (~ .1%) were obtained with three successive 
aliquots of solution. 
The cell constants were determined before and after the completion 
a. A 0.1 demal solution contains 7.41913 g. KCl per 1000 g. of 
solution (37). 
of all the experiments in this work. The data for the cell constants 
are given in Table 13. 
General Behavior of Cells 
With the exception of cell #1, the determined cell constants 
(Table 12) were found to be lower than those calculated for the 
design. The cell constant for cell #1 was higher than the calculated 
value. From the dimensions of cell #1, 3, and 4, the experimental 
cell constants of these cells were expected to be in close agreement 
with each other. This was true for cells #3 and 4 but not for cell 
#1. The reasons for these differences are attributed mainly to: 
(l) the centering of the outer and inner electrodes with respect to· 
each other and (2) the cylindrical electrodes of cell #1 were fabrica-
ted from sheets of platinum while the electrodes of cells #2, 3, and 4 
were purchased in the form of cylinders. The latter were closer to 
being perfect cylinders than the former. 
When the frequency was varied from 500 - 30,000 c.p.s., the cells 
showed no change in resistance. This indicated absence of .the Parker 
effect (55). 
Calibration of Electrode Bulb Volume 
A weighed amount of distilled water was introduced into the dry 
cell. The inlet tube was closed with a rubber stopper, and the 
electrode bulb, N, and graduated tubing, M, were immersed in an ice 
slush to allow temperature equilibration (about 30 minutes). After-
wards the cell was evacuated with a water aspirator for approximately 
15 minutes. It was found that evacuation facilitated the volume 
determined by making distillation of water into the electrode bulb, N, 
more rapid and complete. The cell was then closed off with a screw 
clamp and the meniscus read at eye level. The data for cell #4 are 
Table 13 
Data on Cells 
Cell Average b Average b Cell Constant Mean Volume of 
Resistance of Resistance of cm.-1 Deviation Electrode Bulb 
Unknown Cell Standard Cell ml. 
ohm ohm 
Standard 0.2069a 
1 5,334 ~4r 48,800 ~jj o.o2261d 0.00002 36.42 at 0.00 ml. 8,210 3 76,200 0.02229 0.00002 
2 1,833.2 ~5~ 38,892 ~s~ o.o09752d 0.00001 94·45 at 0.00 ml• 1,875·4 3 40,240 0.009643 0.00001 
3 3,380 g~ 38,892 p) o.o1798d 0.00005 47.50 at 5·25 ml. 3,466 40,240 3) 0.01783 0.00005 
4 3,442 g~ 38,892 g~ O.Ol83ld 0.00004 46.02 at 7.00 ml. 3,562 40,240 0.01832 0.00004 
a. Determined with standard KCl solutions by Edward Clougherty. 
b. Tetrabutylammonium tetraphenylborate (10-5 M) in acetone. 
c. The values in parenthesis represent the number of determinations. 
d. Determined after the completion of work and were not used in calculating~values. 
summari~ed in Table 14. The volumes of all cells are summarized in 
Table 13. 
Table 14 
Calibration of Electrode Bulb Volume 
for Cell #4 
Weight (g.) Water Volume (ml.) Water Cell Volume (ml.) 
Introduced Introduced at 0° Reading 
45.154 
45.623 
45-786 
45.163 
a. Vacuum corrected. 
45.160 
45.629 
45·792 
45.169 
Path Length of Absorption Cells 
7-95 
7·45 
7.23 
7-78 
a 
Volume(ml.) 
at 7.00 
46.11 
46.08 
45·92 
45-95 
av. 46.02 .:t .08 
A diagram of the optical cell employed in this work is shown in 
Figure 4• 
Since the spectrophotometric cells were modified by sealing to 
them 6 mm. glass tubing, it was necessary to determine their path 
lengths. The absorbana.y of copper sulfate solutions was determined 
in each Pyrex sample cell and in a Oorex sample cell of known path 
length. Thus, the path length of each Pyrex c~ll was determined from 
the ratio of absorbancies of the Pyrex and Corex cells. The data are 
summarized in Table 14a. 
Calibration of Absorption Cells 
Each cell was calibrated against a pair of standard cells which 
were used for the ~Oo%T Balgnce of the instrument. The calibrations 
were made at each wavelength used in this work. 
* The lOO%T Balance was made by filling cells #3 and #0 with 
distilled water and placing them in the cell chamber in the solvent 
and sample positions, respectively. Cell ~ was removed. Then each 
* Pyrex cells. 
D 
c E 
Absorption Cell 
Explanation of Symbols in Figure 
A. -Pyrex tubing - 7 mm. o.d. 
:a. - :Beckman #2097 Pyrex cell 
C. - Full length optical window 
D. - Maximum length 6 l/8tt 
E. -Approximately 1 3/411 
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Table l4a. 
Path Lengths of Absorption Cells 
Sample foTra.nsmi t ta.nc ea. Number of Avexrag& 
·-
Average 
Cell Determinations Abs.o:trb;!mce Path Length 
em. 
Co rex 43-7 3 0•360 l.007c 
2 44·3 3 0.354 0.990 
4 43·9 3 0.358 1.001 
5 44.0 3 0.357 0.999 
a. Measured at 675 mu., 0.07 mm.slit width at 25°. Cell #3 was 
alweys used a,s the solvent cell. 10o%T :Balance was made with 
distilled water in both cells. 
b. Concentration was approximately 24.0 g./1. 
c. Known length. 
cell to be calibrated was filled With distilled water, placed 
in the sample position of the cell chamber, and the %Transmittance 
read. The data. are given in Table 15. 
Table 15 
Calibration of Optical Cells 
Sample WaNelength Slit Absorbance at 
Cell mu. nnn. 
433 o.l5 o.o16 
450 0.05 o.o:t6 
456 0.03-5 0.,013 
462 0.035 o.o13 
~8 0.030 0.004 
500 0.030 o.oo~ 
4 433 0.15 0..011 
450 o.o5 o.oo9 
456 0 .. 035 0.015 
5 433 0.1.5 o.o36 
450 0.05 0.0.30 
456 0.035 0.011 
a> ... These values should be substracted from any absorbance 
reading of a solution at the specified wavelength. 
b. The 100 T Balance was made with distilled water in cells 
r! 3 and o. 
Technique of Measurements 
Nitrobenzene was purified b.y a procedure similar to that 
described b.y Taylor and Kraus (68). Nitrobenzene (500 ml., Matheson 
# 5051) was washed 3 times with approximately 150 ml. aliquots ~f lN 
sulfuric acid; then washed several times with approximately 150 ml. 
aliquots of saturated sodium carbonate solution until the washings 
were no longer colored. After washing it thoroughly with water, the 
nitrobenzene was dried for several days with calcium chloride (20 mesh). 
Afterwards the solvent was filtered arid transferred to a 1000 ml. 
round bottom flask connected to a for~-inoh rectifying column packed 
with glass helices. The solvent was then fractionated twice under re-
duced pressure (2-4 mm.), rejecting 2Q% and 10% of the total in the 
first and last-fractions, respectively. The temperature of the still-
head was maintained between 47 and 50°, and the rate of distillation 
was maintained at 10 drops/min. or less. The middle fraction was 
allowed to stand over powdered barium oxide (Fisher) until used for 
conductance measurements. 
The conductance and absorption cells were rinsed three times 
With 30 ml. of benzene (Baker analyzed) and then with 50 ml. of acetone 
(Baker analyzed). The latter was removed under aspirator vacuum. 
Afterwards the absorption cell was sealed to position I of the con-
ductivity cell, Figure 3. Several of these units and a 150 ml. dis-
tilling flask were then sealed to the vacuum line at P of Figure 5· 
The cells were then evacuated overnight to 1-2 x 10-5 mm. with liquid 
nitrogen in oold trap D. Stopcock A was then closed and aira was ad-
mitted into the system at position 0 b,y opening stopcock B. Afterwards 
a weighed (1-25 ± .1 mg.) quantity of the chloride was introduced into 
the conductivity cell thru its sample inlet tube and the latter seal-
ed off. The sample was then pumped overnight to 1-2 x 10-5 mm. with 
liquid nitrogen only in cold trap D. The next day the cold trap, c, 
was filled with dry ice and trichloroethylene, stopcock A was closed 
a. Air was dried b,y passage through silica gel. 
0'-------.... 
.~'· 
u 
w 
0 
Explanation of Symbols in Figure 5 
A. -Stopcock, high vacuum, oblique bore (6 mm.. i.d.), with vacuum 
cup, hollow stopper, 12 mm.. o.d. of side arms 
E. -Stopcock, high vacuum, oblique bore, capillary (1 mm.), 
solid stopper (plug) 
C. - Cold trap, 40/50 m 
D. - Cold trap, 50/50 S 
E. - Stopcock, high vacuum, offset side arms (12 mm. o.d.), 
hollow stopper (6 mm. i.d.) 
F. - To two-stage mercury diffusion pump and forepump. 
G. - To Discharge tube of a Discharge Vacuum Gauge, 
T,ype GPH-100, Consolidated Electrodynamics Corporation. 
H. - Ball and socket joint, 35/25 
I. - Rotating adapter 
J. -Ground glass joint, 24/40 S 
K. - Receiver, made from a 125 ml. Erlenmeyer flask. 
L. -Water-cooled condenser (50 om.) 
M. - Claisen flask (250,500 or 1000 ml.) 
N. - Manifold 
0. - To drying column of indicating silica gel 
P. - 10 mm. o.d. tubing 
Q. - Solvent inlet tube 
and air was admitted ver.y slowly into the distilling system at stop-
cock B. Shortly thereafter, a suspension of barium oxide and nitroben-
zene was rapidly poured through a dried funnel into the distilling 
flask on the vacuum line and the inlet tube sealed off. The solvent 
was :frozen with dry ice and evacuated to at least 5 x 10-4 mm. After-
wards the distilling system was closed off from the pump and the sol-
vent was allowed to warm slowly to room temperature to allow the dis-
solved gases to escape from the solvent. When the solvent had melted 
sufficiently, it was stirred with a magnetic stirrer. The solvent was 
degassed (usually twice) in this manner until the evolution of gases 
had ceased. 
Distillation of the solvent into the conductivity cell was per-
formed in the following manner. Water was circulated through the cool-
ing jacket of the condenser which was maintained at a temperature of 
7-12°. The solvent was allowed to warm slowly to room temperature 
(25-30°) while evacuating the system to at least 6 x 10-4 mm. The'sol-
vent usually began to distill slowly at room temperature (30°) and 
6 x 10-4 mm., but a heating mantle was alw~s employed to maintain the 
temperature at approximately 30°. After the distillation had begun, 
stopcock A was closed, and a forerun of approximately 30-40 ml. was 
collected in a 150 ml. distilling flask sealed to the receiver, K. 
Before distilling the solvent into the conductivity cells, the 150 
ml. distilling flask was removed as described below for the conductiv-
ity cells. 
Conductivity cells were filled b,y changing the rotating adapter, 
I, from one cell to another. Approximately fifteen milliliters of 
solvent were alternately distilled into each cell until the solvent 
had reached some level on the graduated tubing M of a cell. Stopcock A 
was then opened and the cells pumped for approximately 5 minutes. 
Afterwards, the full cell was removed from the vacuum line by sealing 
off at a constriction on P. After pumping for approximately five min-
utes on the remaining cells, stopcock A was closed and the distillation 
was continued until all the cells were filled and removed in the same 
manner as the previous cell. Pure solvent was also collected in a 
conductance cell and in the absorption cells #3 and #0 at the same 
time the solutions were being prepared. 
After removing a cell from the vacuum line, the solution was 
miXed thoroughly qy tilting the cell in such a position to allow the 
solution to run into the solute entrance tube and back into.the elec-
trode bulb. The latter process was performed at least ten times. 
Thereafter, the cell was placed in the kerosene-filled thermostat 
and the resistance of the solution measured.a Afterwards, the con-
ductivity cell was removed from the kerosene-filled thermostat, and 
approximately 1 ml. of solution was poured into the absorption cell. 
After allowing the solution to drain into the absorption cell for at 
least 5 minutes at room temperature, the absorption cell was removed 
b,y sealing off. The conductivity cell was again immersed immediately 
in the kerosene-filled thermostat and the resistance was always found 
to be unchanged. The absorption cell was immediately placed in the 
cell chamber of the spectrophotometer in which the lOg(~ Ealance had 
been previously made With nitrobenzene in cells #3 and #0. The 
r~ansmittance was measured as described under the operating proced-
ures of the spectrophotometer. Cell #3 was always employed as the 
solvent cell, and the corrections in Table 15 were applied to each 
absorbance reading. 
With the exception of the solutions of tri~-anisylchloromethane,b 
the resistances of solutions and pure solvent were measured with cells 
in parallel with a 40,000 ohm resistor at a frequency of 2000 c.p.s. 
and an amplication setting of at least 50. The specific conductance 
-s I of the solvent was calculated to be 1-3 x 10 mho em. at 25.0 ± 0.07. 
The conductance of the solvent remained constant for several days 
while the conductance of some solutions increased with time. The data 
for all compounds are given in Tables 30-33. 
a. The resistance was sometimes followed for an hour to one or two 
days. This was done only for initial solutions of a given com-
pound to check its stability in nitrobenzene. 
b. These solutions were measured directly with the conductivity cell 
in the bridge circuit. 
A special volumetric flask in conjunction with a conductivity 
cell was used to prepare solutions of tri-~-anisylchloromethane in 
nitrobenzene at stoichiometric concentrations in the range (0.3-1.7)x 
10-5 M. The volumetric flask, Figure 6, was constructed from a 500 
ml.· distilling flask, and was calibrated with a 500 ml. graduated cy-
linder by measuring the amount of water poured into and out of the 
flask. The average volume was found to be 512 .±. 2 m1. 
The entrance tube, K, of this flask was sealed to the vacuum 
line at position P (Fig. 5). A conductivity cell with an absorption 
cell connected was then sealed at M of Figure 6. The entrance tube, 
J, of Figure 6 was sealed off and the entire system evacuated overnight 
to 1-2 x 10-5 mm. 
Introduction of the samplea (1-3 .±. .1 mg.)~ distillation of the 
solventb, and the r~oval of the cell from the vacuum line were per-
formed as previously described for 4 conductivity cell. 
After removing the above unit from the vacuum line, the solution 
was mixed siX times in the volumetric flask. Mixing of the solution 
was performed by ti~ting the unit in such a position as to allow solu-
tion to run back and forth into the entrance tube. Solution was then 
poured into the conductivity cell until the calibrated portion of the 
cell was reached. The cell was sealed o~f after alloWing the solution 
to drain from the walls for at least .five minutes. Shortly thereafter, 
approximately one milliliter of solution was poured into the absorption 
cell, and solution was allowed to drain for five minutes. The absorp-
tion cell was sealed off, and immediately placed in the cell chamber to 
measure the optical density of the solution. Lik~se, the conduc-
tivity cell was placed in the kerosene-filled thermostat, and the re-
sistance of the solution was measured. 
The resistances of these solutions remained constant while the 
optical density decreased with time for three solutions and remained 
constant for one. Graphs I - IV give the optical density as a function 
a. The solute was introduced at.-:, 1 Figure 6. 
b. Solvent was distilled into the flask to the calibrated mark, 
N, Figure 6. 
J 
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Explanation of Symbols in Figure 6 
J. -Sample entrance- 8 mm. bore 
K. - Solvent entrance - 8 mm. bore 
M. - Extension for conductivity cell - 8 mm. bore 
N. - A calibrated mark 
of time.a The extrapolated (to zero time) optical densities and the 
conductances of these solutions are given in Table 33. 
General Remarks about the Purification of Nitrobenzene 
A considerable amount of time was spent on the method of purifi-
cation and the criteria of purity of nitrobenzene. Rigorous purifica-
tion methods were employed for two reasons: (1) to obtain an extremely 
dry solvent and (2) to obtain a very low solvent conductivity. To 
achieve the former, fractional distillation was employed and a very 
efficient drying agent was indispensable. 
The two drying agents considered were barium oxide and activated 
alumina. Barium oxide is reported (8) to be a very active drying 
agent (second only to P2o5), forming the hydroxide from which it cannot 
be recovered. Its dehydrating activity is maintainea at temperatures 
up to 1000°0. Activated alumina (sixth to P2o5 ) is reported (8) to 
absorb up to 15-20 per cent of its weight of water, and can be reacti-
vated in 6-8 hours in an oven at 170-175°. The reactivation can be 
repeated indefinitely. 
To obtain a very low solvent conductance, fractional freezing and 
fractional distillation were attempted as described below. Several 
workers (47,60,50) have purified nitrobenzene b.y recrystallizing it 
five times from its own melt, drying over phosphorus pentoxide and dis-
tilling under reduced pressure. The criteria of purity were the freez-
ing point, 5·71-5·53°, and the refractive index, ~0, 1.55257. The 
specific conductance was 2-4 x 10-8 mho/em. at 25°. This procedure 
was followed in our laboratory and a specific conductance of 2.31 x 10-8 
mho/em. was obtained. Several repetimions of this procedure gave a 
specific conductance of not less then 1.10 x 10-8 mho/em. 
~ using the following procedure, Witschonke and Kraus (73) 
a. For each optical measurement as a function of time, there cor-
responds a resistance measurement. The latter did not vary with 
time, however. The drifts are explained in the discussion of ex-
perimental (p. 108). 
obtained a specific conductance as low as 1 x 10-lO mho/om. Nitroben-
zene of technical grade was washed successively with lN sulfuric acid, 
saturated sodium carbonate solution, and water. Most of the water was 
then removed by shaking With powdered calcium chloride. The dried 
solvent was then fractionated under low pressure. The temperature of 
the stillhead was maintained as low as 30° since it was found that the 
conductance of the distillate was very dependent upon the temperature 
at which the liquid came over. A slow rate of distillation (about ten 
drops per minute) also improved the quality of the product. 
Several fractionations yielded nitrobenzene having a specific 
conductance of 5 x 10-lO mho/om. The conductance was reduced further 
to 1 x 10-lO mho/om. b,y shaking with activated alumina for at least 
twenty-four hours. The solvent was freed from fine particles of alu-
mina b,y means of a fine grade sintered glass filter. 
The above procedure was followed in o~ laboratory, and the speci-
fic conductance ranged from 1.00-2.20 x 10-8 mho/om. In some oases the 
temperature of the stillhead was as low as 26.0° (0.025 mm.), but the 
conductance of the distillate was found to be independent of the tem-
perature at which the liquid distilled. 
Sadek and Fuoss (61) also purified nitrobenzene b,y the procedure 
described by Witsohonke and Kraus. The former workers obtained a 
specific conductance as low as 1 x 10-ll mho/em. Professor Fuoss, 
b,y private communication, suggested that the main precaution was to 
distill slowly - he found that the conductance was higher, the faster 
the distillation proceeded. He and his workers found that a conductance 
cell With a siphon over-flow (like a Soxhlet extractor) at the end of 
the condenser was very useful because it served to constantly monitor 
the distillate, and the fractions were oolleoted according to conduct-
anoe. 
The procedures of Professor Fuoss were very helpful and were fol-
lowed in our laboratory b,y distilling at a rate of not more than 5 drops 
per minute. Each 30-40 ml. fraction was removed from the receiver of 
the column and its conductance measured in a conductivity cell. Dis-
tillation of approximately 500 ml. of nitrobenzene gave three main 
fractions. These fractions were combined 30-40 ml. fractions that 
had the same conductance and were as follows: (1) four 40 ml. frac-
tions (5.7 x 10-9 mho/om.) (2) six 40 ml. fractions (4.3 x 10-9 mho/om.) 
and (3) a 25 ml. fraction (5.7 x 10-9 mho/om.). The middle fractions 
(240 ml.) were again distilled thru the same column, and after thirty 
milliliters (5.7 x 10-9 mho/em.) were collected, the second fraction 
(125-150 ml.) gave a speoifio conductance of 1.4 x 10-9 mho/om. Row-
ever, the speoifio oonduotanoe of the following fraction was 5·7 x 10-9 
mho/om. The second fraction was placed over barium oxide for forty-
eight hours, and then transferred as usual to the vacuum line to be 
distilled into a conductivity cell. After a forerun of approximately 
thirty milliliters was collected, the solvent was then distilled into 
a conductivity cell and its resistance measured under vacuum. The 
specific conductance was found to be 5 x 10-9 mho/em. In no distil-
lations on the vacuum line was the specific conductance of nitrobenzene 
lower than 5 x 10-9 mho/em. The failure to obtain a lower conductance 
value was attributed to the rate of distillation which was maintained 
between 10-20 drops per minute. The rate of distillation at low pres-
sures was dependent on the room temperature~ 
Nitrobenzene (Matheson #?051) taken directly from the bottle 
had a specific conductance of 1.8 x 10-7 mho/om. 
A few qualitative experiments using gas-phase chromatography 
were made to collect information concerning the impurities in nitro-
benzene. Both impure and purified nitrobenzene gave only one peak when 
analyzed in an Aerograph Gas Chromatographic Instrument MOdel A-90-C 
(Wilken Instrument and Research, Ino., Berkeley 4, California) under the 
a. The rate of distillation of nitrobenzene at 300 (.025 mm.) was 
found to vary between 5 and 10 drops/min. Distillations on the 
vacuum line were at 1-6 x lo-4 mm. at room temperature (alw~s 
approximately 30°). 
following conditions: 
Column--------------------------- 5' Paraffin 
0 
Temperature -------------------------------- 175 
Helium flow -------------------------------- 40-50 ml./min. 
Filament current---------------------- 130 ma. 
Chart speed---------------..;.._.--------·-- 12 in./hr. 
Sample volume ---------------------------------- 30 microliters 
The visible spectrum of impure or purified nitrobenzene gave a 
sharp peak at 420 mu. in a Beckman Model DK with this solvent in both 
cells. This only indicates that there are no other highly absorbing 
species in the pure or impure solvent to interfere with the spectra 
of the carbonium ions. Strong absorption b.y nitrobenzene was observed 
in the region 320-440 mu., but no other peaks, no matter how small, 
were found when distilled water was used as the reference solvent a-
gainst a sample cell containing either pure or impure nitrobenzene. 
Spectra and Molar Absorbanoy Indexes of Carbonium Ions 
A weighed (40-50 mg.) quantity of carbinol was dissolved in 
sulfuric acid (98% 'Baker Analyzed' Reagent) and the solution made 
up to 100.0 ml. Further dilutions-were prepared from this solution 
within thirty minutes. The spectrum of each compound was determined 
in sulfuric acid and in nitrobenzene to ascertain the wavelength of 
maxumum absorbancy. The spectral data and molar absorbancy indexes 
are summarized in Tables 17-29· 
A Beckman Model DK spectrophotometer was utilized for scanning 
the spectrum of each compound between 320 and 800 mu. With this in-
strument purified nitrobenzene gave a very sharp peak at 420 mu., 
solvent vs. solvent. Thus, with the Process and Instrument Manual 
Spectrophotometer strong absorption of nitrobenzene in the region be-
tween 420 and 440 mu. eliminated measurements on trityl chloride solu-
tions, for the triphenyl carbonium ion had a maximum absorption at 
433 mu. in sulfuric acid (Table 17). For each compound Table 24 gives 
a comparison of wavelengths at maximum absorption as determined b.y 
the two instruments. 
The usual procedure (4) for calculating the carbonium ion concen-
tration in organic solvents is to use the molar absorbancy index as 
determined from the corresponding carbinol in 98% sulfuric acid. In 
the present work, the molar absorbancy index of trianisyl carbonium 
ion was determined directly in nitrobenzene b,y adding an excess of 
mercuric chloride to the organic halide in solution (13). The conduc-
tance data of Table 33 indicate that most of the solute in the con-
centration range (.3-1·7 x 10-5 M) is present in the form of free ions. 
Thus, the molar absorbancy index for the carbonium ion or ion pair was 
determined b,y adding mercuric chloride (1.6 and 5.0 moles per mole of 
RCl) to insure complete ionization. The value of ~ at_)lmax = 498 mu. 
was found to be (10.4 ± 0.8) x 104 at 498 mu. (Table 29). This pro-
cedure was employed because the chloride or carbinol in sulfuric acid 
gave a value (7.43 x 104 at 500 mu.)a lower than that reported in 
the literature (10.5 x 104 at 483 mu.)b (45,67) and the solutions in 
sulfuric acid were unstable, e.g., the optical density decreased b,y 
20% in 24 hours. It was assumed that these anomalies are due to inter-
action of sulfuric acid with substituents on the ring. Solutions of 
tri-~-anisylchloromethane in nitrobenzene adhered to Beer's Law 
(Table 29) over the concentration range 1.52-11.8 x 10-6 M in the 
presence of either 1.6 or 5 moles of BgC12 per mole of organic solute. 
Preparation of Compounds 
The preparation and procedure for analysis of the chlorides have 
already been described in Part I (pp. 40-43) of this dissertation. 
Mono-~-tolyldiphenylchloromethane was taken from samples prepared from 
both Lewis' and Price's carbinols. The uncorrected melting points of 
a. The value 7.43 x 104 gave higher concentrations of carbonium ion 
than total chloride used. Ionization in 98% H2so4 m~ be incom-plete. 
b. This value was obtained b.y both Lund (45) and Swain et al. (67). 
The former worker did not specify the concentration of H2soA but the latter workers used 10o% sulfuric acid. Brand (10) reports 
a value of approximately 6.5 x 104 at~ ax= 480 mu. but does 
not specify the concentration of H2so4 • m 
Lewis' and Price's chlorides were 99.0-99·5 and 98.5-99.5, respectively, 
and were in close agreement with the melting point 98.0-99.0 (corr.) 
found 15 months earlier for both compounds. 
Tri-~-t-butylphenylchloromethane was supplied b.y Dr. N.N. Lichtin 
and was analyzed without recrystallization. The melting point was 
268.0-269.0° when immersed in the bath at 264.0° and 270.5-271.5° 
when immersed in the bath at 269.5°. Decomposition occurred at the 
melting point as also reported b,y Lichtin and ~artlett (41). 
The tri~-anisylchloromethane was supplied b.1 Dr. Y. Okamoto and 
was analyzed for hydrolyzable chloride without recrystallization. The 
melting point was 154.0-155.0 (corr.), Lit. 154·7-155·9 (67). A 
summar.y of the chloride analyses is given in Table 16. 
Tri-~anisylcarbinol was obtained from the corresponding chloride 
which was hydrolyzed in the presence of saturated aqueous sodium 
bicarbonate and benzene. The product from the benzene l~er was re-
crystallized from a benzene-pet ether mixture and was washed several 
times with 95% ethanol. The melting point was 93.5-95.0 (uncorr.), 
Lit. 83.5-84.5 (67).a Some of the carbinol supplied b,y Dr. Okamoto, 
who hydrolyzed the chloride with sodium hydroxide, gave a melting 
point of 93.0-94.0 (corr.) after several recrystallizations with an 
ether-pet ether mixture. 
a. The carbinol was never used for preparing the chloride. No dif-
ferences in spectra were observed between the chloride and carbi-
nol in 98% H2so4. 
Tables of Da.ta. 
Table 16 
Summary of Chloride Analysis by Acidimetric Titration 
Triphenyl- Theoret. Found Mean No. of 
chloromethane foOl foOl Deviation Det'ns 
derivative 
Unsubstituted 12.72 12.66 o.o6 2 
Mono-R_-metbyl 12.11 12.12 0.01 2 
Mono-,E_-metbyla. 12.11 12.10 0.01 2 
Tri-,E_-t-butyl b 7·93 8.oo 0.02 2 
Tri-,E_-methoxy0 9.88 9·87 0.01 2 
a.. Carbinol supplied b,y Dr. E.S. LeWis, The Rice Institute. 
b. Chloride supplied b,1 Dr. N.N. Lichtin, this laboratory. 
c. Chloride supplied b,y Dr. Y. Okamoto, Massachusetts Institute 
of Technology. 
Table 17 
Spectral Absorbancy, A , and Transmittance, T8 , of a Freshly Prepared 8.70 x 10-6 M Solution8of Triphenylcarbinol in 98% Sulfuric Acid at 
250 in a 1 em. cell. 
a Slit Width %T As Wavelength s 
mu. mm. 
360 0.43 88.1 0.0550 
370 0.33 79·1 0.0985 
380 0.27 68.9 0.162 
390 0.23 57.3 0.242 
395 0.21 51·4 0.289 
400 0.186 46.8 0.329 
'402 0.178 45·3 0.344 
405 0.169 43.8 0.359 
407 0.162 43.2 0.365 
409 0.130 42·9 0.368 
410 0.157 42.9 0.368. 
411 0.125 42·9 0.368 
412 0.150 43.0 0.367 
415 0.145 43.3 0.364. 
420 0.135 43.6 0.361 
425 0.125 43.2 0.365 
427 0.121 42.9 0.368 
430 0.115 42.2 0.375 
431 0.115 42.0 0.377 
432 0.112 42.0 0.377 
ill 0.110 .£..:.2. ~ 434 0.110 41·9 37 
435 0.110 42.1 0.376 
440 0.102 43-7 0.370 
445 0.097 45·5 0.342 
450 0.093 50.1 0.300 
460 0.085 66.5 0.177 
470 0.076 82.4 0.0841 
480 0.076 92.0 0.0362 
500 0.060 97·4 0.0114 
a. P & I Spectrophotometer 
Table 18 
Spectral Absorbancy, A , and Transmittance, T , of a Freshly Prepared 
1.84 x lo-5 M Solutionsof MOno-~tolyldipheny~carbinol in 98% Sulfuric 
Aoid at 25° in a 1 em. oell. · 
Wave1engtha Slit Width % Ts As 
mu. mm. 
380 0 .. 10 50·5 0.297 
385 0.092 43·7 0.360 
390 0.085 37·5 0.426 
395 0.077 31.1 0.507 
400 0.069 26.1 0.583 
410 0.062 20.6 0.686 
415 0.057 19.6 0.708 
420 0.054 19.2 0.717 
425 0.050 18.8 0.726 
430 0.046 - 17 ·5 0.757 
435 0.043 15.2 0.818 
440 0.042 12.5 0.903 
445 0.040 9.0 . 1.05 
446 0.039 8.4 1.08 
448 0.039 6.9 1.17 
450 0.037 5-6 1.25 
452 0.037 4·7 1.33 
454 0.037 4.1 1.39 
455 0.036 4·0 1.40 
~ 0.036 .4.& 1.40 
457 0.036 4·1 1.39 
458 0.036 4·4 1.36 
460 0.035 5·6 1.25 
465 0.035 14.6 0.836 
470 0.035 32.6 0.487 
480 0.032 71.6 0.145 
490 0.031 89.9 0.462 
a. P & I Spectrophotometer 
Table 19 
Spectral Abaorbancy, A , and Transmittance, T , of a Freshly Prepared 
1.97 x lo-3 M Solution8 of Mono-~Tolyldiphenyfchloromethane in Nitro-
benzene at 25° in a 1 em. cell. . 
Wavelength a 
mu. 
444 
450 
452 
454 
455 
456 
457 
458 
459 
460 
461 
462 
463 
464 
466 
468 
470 
475 
480 
Slit Width 
mm. 
0.045 
0.041 
0.040 
0.039 
0.038 
0.038 
0.038 
0.037 
0.036 
0.036 
0.036 
0.036 
0.035 
0.036 
0.035 
0.034 
0.033 
0.032 
0.031 
a. P & I Spectrophotometer 
%T a 
59·5 
55.2 
53·5 
52.0 
51.0 
50·4 
49-8 
49·0 
48-5 
48.2 
48.0 
.41.!.2. 
47·9 
48.2 
49·5 
51·5 
54-3 
64.3 
75-8 
0.226 
0.258 
0.272 
0.284 
0.292 
0.298 
0.303 
0.309 
0.314 
0.317 
0.319 
0.319 
0.319 
0.317 
0.305 
0.288 
0.265 
0.192 
0.120 
Table 20 
Spectral Absorbanoy, A , and Transmittance, "T , for Tri-:£,-t-Butyl-
phenylohloromethane insNitrobenzene 25° insa 1 om. oell.b at 
a Wavelength Slit Width % Ts As 
mu. mm. 
452 0.035 66.6 0.177 
454 0.033 64.9 0.188 
456 0.033 62.9 0.201 
458 0.031 61.4 0.212 
460 0.031 59·9 0.223 
462 0.031 58.2 0.235 
464 0.030 57·2 0.243 
466 0.029 56·4 0.249 
468 0.029 56.3 0.250 
.ill. 0.029 ~ 0.253 470 0.029 5 1 0.251 
474 0.027 58.1 0.236 
476 0.027 60.9 0.215 
478 0.026 64·5 0.190 
480 0.026 68.5 0.164 
a. P & I Spectrophotometer 
b. The concentration should have been 8.1 x 10-4 M, but the solute 
would not completely dissolve. 
Table 21 
Spectral Agsorbancy, A , and Transmittance, Ts' of a Freshly Prepared 
4.80 x 10- M Solutionsof Tri~Anisylchloromethane in 98% Sulfuric 
Acid at 25° in a 1 em. cell. 
Wavelength a 
mu. 
494 
496 
498 
500 
502 
504 
506 
Slit Width 
mm. 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
a. P & I Spectrophotometer 
Table 22 
%T s 
45·0 
44·3 
43·4 
.4.hl 
43·4 
44-1 
45·3 
0.347 
0.354 
0.363 
0.364 
0.363 
0.356 
0.344 
Spectral Agsorbancy, A , and Transmittance, T , of a Freshly Prepared 
7.08 x 10- M Solutionsof Tri-~-Anisylchloromgthane in Nitrobenzene 
in the Presence of Mercuric Chloride at 25° in a 1 em. cell. The 
Ratio of BBC12/R01 is 5· 
Wavelength a Slit Width. % Ts As 
mu. mm. 
496 0.03 16.2 0.791 
A2§. 0.03 16.0 0.796 
500 0.03 16.3 0.788 
502 0.03 17.1 0.767 
a. p & I Spectrophotometer 
Table 23 
Spectral Agsorbancy, A , and Tra.nsmi ttance, T , of a Freshly Prepared 
3.43 x 10- M Solution ~f Tri-~-Anisylohlorome¥hane in Nitrobenzene 
at 25° in a l am. cell. 
Wavelength a 
mu. 
480 
482 
484 
486 
488 
490 
492 
494 
496 
~ 
500 
502 
504 
Slit Width 
mm. 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
o.o3 
0.03 
0.03 
a. P & I Spectrophotometer 
%T s 
47·0 
45·0 
43.:2 
41·5 
39.8 
39.0 
38.0 
37.1 
36.8 
36.7 
37 .o 
37·9 
39·4 
0.328 
0.347 
0.365 
0.382 
0.400 
0.409 
0.420 
0.431 
0.434 
0.435 
0.432 
0.421 
0.405 
Table 24 
Comparison of Wavelengths at Maximum Absorbanoy As 
Determined by a Beckman Model DK-1 and a Process and 
Instruments Manual Spectrophotometer 
Compound Solvent Model DK p & I 
Mono-.:E_-methyl (OH) 98% Sulfuric 450 mu. 456 mu. 
Mono-.:E_-methyl (Cl) Nitrobenzene 455 462 
Tri-.:E_-t-butyl (OH) 98% Sulfuric 460 
Tri-.a-t-butyl (Cl) Nitrobenzene 462 469 
Tri-.:E,-metho:x:y (OH) 98% Sulfuric 495 500 
Tri-.:E,-metho:x:y (Cl) 98% Sulfuric 495 500 
Tri-.:E_-methoxy (Cl) Nitrobenzene 495 498 
Table 25 
Molar Absorbancy Index, ~' o:f Triphenyl Carbonium Ionsd 
in 98% Sulfuric Acid at 433 mu. and 25° 
Optical Densitya Concentration5 10-
4 ~ 
As mole 1.-1 x 10 
0.932 1.520 6.26° 
0.490 1.013 4.93 
0.348 0.7600 4-67 
0.232 0.5066 4.68 
0.201 0.4342 4·72 
0.182 0.3800 4.90 
0.151 0.3377 4·55 
b 
Mean 
dev. 
av. 4. 7 4 .:t. 0 .11 b 
a. In a 1 om. cell, 0.045 mm. slit width (P & I Spectrophotometer). 
b. L.C. Anderson (2) reports ~ = 40,000 at 434 mu. for triphenyl-
carbinol in 95% sulfuric ac~a. 
Fairbrother and Wright (25) give ~K = 35,000 at 434 mu. :for tri-
phenylcarbinol in concentrated sul?urio acid. 
Gold, and Hawes report (30) ~ = 39,900 at 431 mu. and 39,400 at 
410 mu. in lOo% H2so4• These authors demonstrated the dependence of the ionization on composition o:f acid. 
Gardner (28) reports ~K = 39,200 at 434 mu. for both triphenyl-
oarbinol and trityl ohToride in 98% sulfuric acid. 
c. Excluded from the average 
d. The carbinol was dissolved in 98% sulfuric acid. 
Table 26 
Molar Absorbency Index, B:M' of Mono-;E_-Tolyldiphenylcarbonium 
Ion° in 98% SulfUric Acid at 456 mu. and 25° 
Optical Density,a Concentration ~b x lo-4 
-l 6 As mole 1 x 10 
0.492 7-615 6.53b 
0.329 5-077 6.55 
0.232 3.808 6.15 
0.187 3-046 6.20 
0.161 2·538 6.40 
0.132 2.176 6.13 Mean dev. 
av. 6.33 .± 0.18 
a. In a 1 em. cell, 0.035 mm. slit width (P & I Spectrophotometer) 
b. N.C. Deno et al. (16) report L. ~ 4·57 x 104 at;t = 450 mu • 
.llll max. 
c. The carbinol was dissolved in 98% sulfuric acid. 
Table 27 
MOlar Absorbana.y Index of Tri-~-Anisylcarbonium Ionb 
in 98% Sulfuric Acid at 500 mu. and 25° 
a Optical Density, 
As 
0-743 
0.362 
0.224 
0.169 
0.142 
0.101 
1.127 
0.479 
0.301 
0.223° 
0.177 
0.148 
0.122 
0.108 
Concentration 
-1 6 
mole l :x: 10 
Experiment 1 
9.60 
4.80 
3.20 
2.40 
1.92 
1.37 
Experiment 2 
12.28 
6.14 
4·09 
3.07° 
2-46 
2.05 
1-75 
1·54 
7-83 
7.63 
7.10 
7·19. 
7·47 
7 ·43 Mean dev. 
av. 7•44 ± 0.20 
9·27d 
7.88 
7·43 
7.26 
7.28 
7·30 
7·03 
7-11 Mean dev. 
a.v. 7.40 ± 0.22 
a. In a. 1 em. cell, 0.03 mm. slit Width (P & I Spectrophotometer). 
b. The chloride was dissolved in 98% sulfuric acid. 
o. Decreased b.1 2o% in 24 hrs. 
d. Excluded from average 
Table 28 
Molar Absorbanoy Index of Tri-p-.Anisyloarbonium Ion b 
in 98% Sulfuric Acid at 500 mu. and 25° 
Optical Density,a 
As 
0.714 
0.222 
0.174 
Concentration 
-1 6 mole 1. :x: 10 
1·96 
7·29 
Mean 1·46 d ev. 
av. 7·53 ± 0.25 
a. In a 1 om. cell, 0.03 mm. slit width (P & I Spectrophotometer). 
b. The carbinol was dissolved in 98% sulfuric acid. 
Table 29 
Molar Absorbancy Index of Tri-E_-Anisyloarbonium Iond in 
Nitrobenzene in the Presence of Excess Mercurio Chloride 
at 498 mu. and 25° 
Optical Density,a 
As 
Concentration 
-1 6 mole 1.. x 10 
a.. 
b. 
c. 
d. 
1.22 
0.795 
0.415 
0.267 
0.484 
0.248 
0.158 
5 mole BgCl~mole RCl 
11.8 
7.08 
3·54 
2.36 
1.6 mole HgC12/mole RCl 
4·56 
2.28 
1.52 
In a 1 om. cell, 0.03 mm. slit width 
10.3 
11.2 
11.7 
11.3 
10.7 
11.1 
10.4 
av. 10.4 ± o.8b,o 
~ and its standard deviation were calculated by the least square 
method. 
Lund (45) reports ~. = 1.05 x 105 at ~ = 483 mu. in oonoen-~Jlll max 
trated sulfuric acid. 
Swain et al •. (67) report ~· = 1 x 105 a.t .).max = 483 mu. in 
100% sulfuric acid in the range 1 x 10-6 to 6 x 10-6M. 
Moodie et a.l. (49) report ~ = 91,000 a.t_)l = 483 mu• in con-
centrated sulfuric acid. max 
The chloride dissolved in nitrobenzene. 
Table 30 
Conductance of Tri-~-Anisylchloromethane 
in Nitrobenzene at 250 
c ksolv. k 0 sol. 
mole 1.-l mho cm.-l mho cm.-l 
X 105 X 107 X 107 
81.8 .14b 49·9c 
31.5 .23a 34·7d 
24.8 .i4b 28.4d 
10.55 .16b 16.5d 
1·69 a .23 . 11.7b 
4·55 .20b 7-5ld 
b. Measured in cell #2 .0009752 om.-1). 
a. Measured in cell #1 ~.02229 cm.-1). 
c. Measured in cell #3 .01798 cm.-1). 
d. Measured in cell #4 .01831 cm.-1). 
_/\_ 
mho om .. 2 mole-l 
6.10 
11.0 
11.5 
15.6 
15.1 
16.5 
Table 31 
Free and Total Ion Concentrations 
of Mono~-Tolyldiphenylchloromethane 
in Nitrobenzene at 25° 
C a k k k Ab (R of:) [ (R+)+(R+C1-)] 
0 -1 soln. _1 
so1v. _
1 sol. _1 s -1 -1 mole l. mho em. mho em. mho em. mole 1. mole 1. 
:X: 104 X 108 :X: 108 :X: 108 :X: 106 :X: 106 
l) 30 7·89 8.od .019 
2) 16 7.63 8.od .032 
3) 7·1 4·43 a.od .011 
4) 31 10.9 8.od .058 
5) 21 8.80 8.od .. 058 
6) 8.6 6.03 a.od .ooo 
7) 8.6 11.7 2·4 9·5 .065 3.2 1.0 
8) 9.1 16.6 2·4 14.2 .040 4·7 .63 
9) 150 11.7 1.2 10.5 .040 3·5 .63 
Some Measurements as a Function of Time 
No. Time, 0 kso1v. kso1. Ab 10
6(R+) 106[(R+) + (R+C1-)] 
s 
X 108 :X: 108 
1) 19 8.0 1.8 .017 0.60 0.26 
2} 20 8.0 14.0 .042 0.46 0.66 
9) 15 1.2 11.8 .o88 3.9 1.4 
25 1.2 12.3 .122 4.1 1.9 
a. Stoichiometric concentration of solute. 
b. In a 1om. cell at 462mu. and .035 mm. slit width 
o. Hours after the first measurement. 
d. Solvent distilled into cell without_co11eoting a forerun. 
Table 32 
Free and Total Ion Concentrations 
of Tri-~-t-butylphenylehloromethane 
in Nitrobenzene at 25° 
lo4c a ksolv. k sol. 
Ab (R+)e [(R+)+(R+Cl-)]f 
0 s 
mole 1.-l mho em. -1 mho em. -1 mole 1. -1 mole l. -1 
2.3° 
6.2d 
a. 
b. 
c. 
d. 
e. 
f. 
X 108 X 108 X 106 X 106 
·56 5·94 0.163 2.0 2.0 
·56 7·54 0.204 2·5 2.5 
Stoichiometric concentration of solute 
In a l em. cell at 469 mu. and .03 mm. slit Width. 
Five d~s were required for complete dissolution of solute. 
Six d~s were required for complete dissolution of solute. 
The-limiting conductance was assumed to be 30 cm.2 equiv.-1 
ohm • 4 ~ = 8.3 x 10 based on Deno•s value (16). 
C a 
0 
Table 33 
Free and Total Ion Concentrations 
in Ver.y Dilute Solutions of Tri~-Anisylchloromethane in Nitrobenzene at 25° 
Ab 
s 
152 
mole 1.-l 
X 105 
ksolv. 
mho cm.-l 
X 107 
-1 mho em. 
X 107 
-1 mole 1. 
X 105 
( (R+)+(R+Cl-)]f 
mole 1.-l 
X 105 
0.37 
0.67 
0.71 
1.73 
0.37 
0.67 
0.71 
1.73 
a. 
b. 
c. 
d. 
e. 
f. 
g. 
.13 
.22 
.16 
.18 
.13 
.22 
.16 
.18 
.67 
1.61 
1.65 
3.03 
0.67 
1~61 
1.65 
3.03 
.248° 
.684° 
.612° 
1.19g 
.238d 
.672d 
.603d 
1.19g 
Stoichiometric Concentration of solute 
0.22 ± .02 
0 .. 52 ± .05 
0.53 ± .05 
0.98 ± .10 
0.22 ± .02 
0.52 ± .05 
0.53 + .05 
0.98 ± .10 
In 1 em. cells at 498 mu. and .03 mm. slit Width. 
0.24 ± .02 
0.66 ± .05 
0.59 ± .05 
1.14 ± .10 
0.23 ± .02 
0.65 ± .05 
0.58 ± .05 
1.14 ± .10 
Extrapolated value, where removal of the cell from the vacuum 
line was taken as initial time, see Graphs I and II. 
Extrapolated value, where removal of the optical cell from the 
conductivity cell was taken as the initial time, see Graphs 
III and IV. 
Limits are based on standard deviation ofA. • 
Limits are based on standard deviation of ~~ 
No change in absorbance was observed for th1s solution. 
Time, min. 
Graph I 
%T = 24.2 s 
A = 0.612 s . 
%Transmittance vs. Time :for 
Tri-~-Anisylchloromethane 
in Nitrobenzene 
%T "" 56.0 s 
A = 0.248 s 
Time, min. 
Graph II 
%Transmittance vs. Time for 
Tri-~-Anisylehloromethane 
in Nitrobenzene 
Time 9 min. 
Graph III 
%T8 • 24•7 
J.. .. 0.603 
s 
%Transmittance vs. Time for 
Tri-~-Anisylchloromethane 
in Nitrobenzene 
Time, min. 
Graph IV 
. 
%T • 57.3 s 
A • 0.238 
s 
%Transmittance vs. Time for 
Tri-~Anisylchloromethane 
· in Nitrobenzene 
C\J 
0 ,.... 
0 m experimental points 
A .. 31.3 
0 
0 
2.0~------~----~------_.------~------~----~ 
1.0 2.0 3.0 4.0 5,0 6.0 
Graph V 
Shedlovsky Plot for 
Tri-~-Ani~lchloromethane 
in Nitrobenzene 
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Abstract 
Part I 
The work described in this dissertation was undertaken to investi• 
gate the isotope effect on an equilibrium which is closely related to 
the assumed equilibria between reactants and transition states in sol-
vo~ic reactions and aromatic substitution. Earlier studies of the 
ion-forming equilibria of triphenylchloromethane and- many of its~-~~ 
m~, and ~-substituted derivatives together with data on the dissoci-
ation equilibria of many ionophores have provided a convenient means 
of evaluating substituent effect~ on the ionization equilibrium: 
S02 _ -
Ar3 CC1 < ~ AJ:r3 C+cl• (1). The siln:i.larity of substituent effects in 
this system to those observed in solvolytic reactions (2~.3) and electro-
pbilic substitution reactions (4) has been elegantly demonstrated bf 
Brown and Okamoto (5). Lewis and Boozer ( 6) suggest that ~ ... deuterium 
isotope effects observed in the solvolysis o:t: secondary alkyl halides 
and tosylates are dependent in part on the requirements of the develop-
ing carbonium ion for internal electron supply at the transition state. 
Studies of the ionization equilibrium above provide a measure o:t: sub-
stituent effects where full carbonium character is unequivocally de-
vel.oped. 
.3. 
4. 
The secondary deuterium isotope effec~ on the ionization equili" 
Cf. Lichtin, N~. and Vignale, M.J., J. Am. Cham. Soc., JJ.., 
519 (1957) 1 and earlier papers. 
Lewis, E.s. and Coppinger, G.M • ., ibid., :J.Q, 4!4B5 (l954); Lewis1 E.s .. , Johnson., R.R. and Coppinger, G.M., ibid., §,1, .3140 (l959;. 
Shiner, V.J., Jr., and Verbanic, C.J., ibid., JJ.., .37.3 (1957) • 
Cf. Swain, e.G., Knee, T.E.c. and Kresge, A.J., ibid., 12.1 505 (1957), for nitration, mercuration and bromination of toluene 
substituted in the methyl group with deuterium and tritium. 
Okamoto, Y. and Brown, H.c., ibid., Bo, 4986 (1958). 
Lewis, E.S. and Boozer, C.E., ibid.-, 1.§., 791 ( 1954). 
01 ~ + 
brium, ;e.-c:a:3~o~2 (-l ) 2-oH3~o¢2o1- due to replacement of OH3 by 
OD3 could not be properly evaluated by determination of the equili-
brium constant for ~ree ion formation, K , from conductance data exp. 
with the aid of Shedlovsky's procedure because of the large uncer-
tainty in the calculated magnitude of this constant, e.g., 10~ 
. exp. 
for the compound containing 2.43 atoms of D per molecule was found 
to be 6.65 .±. 0.37, indistinguishable from values of 6.47.:!:. 0.54 and 
6.25 .±. 0.68 determined with two independently prepared samples of the 
protium compound. The indicated uncertainties are based on variance 
calculations with 95% confidence limits. 
~ taking advantage of the identical ionic conductances of the 
deuterated and unlabeled cations, it was, however, possible to 
evaluate the isotope effect more precisely from conductance data at 
dilutions around 600 liters mole-1• The isotope effect, (~)H/(~)D, 
was found in this w~ to be very small, having an estimated value 
of 1.003 .:!:. 0.005 per D atom. This value and the indicated un-
certainty are based on the mean magnitude and standard deviation of 
the ratio, (~~)c' of measured equivalent conductances at given 
concentration in the range from 500 to 700 liters mole-1, 1.0020 .±. 
0.0029 for 2.43 atom D per molecule. 
The development of full carbonium ion character is not associ-
ated in the present case with a significant secondary isotope effect. 
Part II 
The spectrophotometric results on ion-pa1r disBociation of 
triar,ylchlorometbanes reported b,y Evans and coworkers (7, 8) are in• 
consistent with the theory of electrostatic ionic association (9,10) 
and conductance data in solvents of high dielectric constants, e.g. 
nitromethane and nitrobenzene. These workers concluded that the only 
equilibrium involved in these solvents is between the covalently 
bonded molecules and ion pairs. The work described in this disser-
tation was undertaken to reinvestigate spectrophotometrically and con-
ductometrically the equilibri~ 
A.r3 CCl KJ. Ar. C+Cl- Ka. Ar 0+ + Cl- in nitrobenzene at 25°. 
'( ~ 3 < ~ 3 
Nitrobenzene was chosen as the solvent because of its relatively 
high dielectric constant (D25 = 34.5) and its expected chemical 
inertness towards the solute. In this study, the final degassing and 
distillation of solvent and the preparation of solutions were carried 
out on the high vaeumn line under an atmosphere of solvent. Absorbance 
and electrical conductivity were determined on the same solution in 
cells which had been sealed under vacuum. Free ion concentrations were 
calculated from conductivity data while the sums of free and associated 
ion concentrations were calculated from sbsorbances. 
Triphe~lcbloromethane and its mono-~-metbyl derivative are 
measurably ionized at stoichiometric concentrations in the range o.0007 
M to o.Ol5 M, but the degree of ionization is too small to determine 
with a~ accuracy. The degree of ionization in a 6.2 x 10-4 M solution 
of tri-;g_-t ... butylphenylchlorometbane is less than .oJ. and the free ion 
concentration is indistinguishable from the total ion concentration. 
1. Evans, A.a., Jones, J.A.a., and Osborne, a.o., J. Ohem. Soc., 
3803 (1954). . 
B. Evans, A.a., Price, A. and Thomas, J.H., Trans. Faraday Soc., 
SQ., 568 ( 1954) 0 
9. Bjerrum, N. Kgl. Danske Vidensk. Selskab., 1 1 No. 9 (1926). 
10 • Harned, .H.S. and OWen, B.B., . 11Phys:ical Chemistry of Electrolytic 
Solutions", Reinhold Publ" Corp., New York, N.Y., 1950, PP• 42'-45. 
More conclusive results; were obtained with solutions of tri"",R-
ani.sylcbloromethane. Conductivity data. were obtained in the concen-
tration range 4.55 x 10~5 to 8.8 x 10-4 M where the absorbance was too 
large to measure accurately. The limiting equivalent conductance~, 
and the equilibrium constant, Kexp.' were found by Shedlovsky's pro-
cedure to be 31 ± 3 mho cm .. z mole~ and (4 .. 2, .±. l) x 10-5 mole 1.-.~., 
respectively. It was found that, in solutions up to l x 10~ in 
carbonium ion, the concentration of free ions is indistinguishable from 
the total ionic concentration. This result conflicts with that of Evans 
ej;. al. (8) who report on4" paired ions in 10~ to 2, x 10~ solutions 
of triar.yl carbonium ions in nitrobenzene. 
It is concluded from the work reported in this dissertation that 
the ions fonmed in very dilute solution ~e no~ detectably paired. 
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